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Abstract

Demersal trawl fisheries play an important role in providing income and protein to the people of the
countries in the Southwestern Indian Ocean (SWIO) where they operate. These fisheries are, however,
very destructive to the habitats in which they operate and have an impact on the associated biodiversity.
Three crustacean species, the knife prawn (Haliporoides triarthrus), African langoustine
(Metanephrops mozambicus) and pink geryon crab (Chaceon macphersoni) are the most important to
these soft sediment fisheries and their management is crucial to securing sustainable fisheries. These
species occur across boundaries in the SWIO so understanding their biogeography is an important
component of formulating effective management strategies. This understanding is, however, hampered
through inadequate species identifications despite the occurrence of many research surveys and the
retention of these species for trade. Species identities have been allocated based on outdated and/or
inappropriate taxonomic and distribution information. Without the availability of voucher specimens
from research surveys it is impossible to determine if these species were correctly identified. Despite
these three species having important commercial value to the region, there is little known about their
reproduction strategies. This combined with limited information on the availability of suitable habitats
thwarts understanding their distribution in the region. Previous researchers have proposed the existence
of a limited recruitment area for knife prawns that seed the remaining habitat in the region, but this
theory has, to some extent, been refuted through genetic testing that discovered isolated subpopulations
in the region. The African langoustine showed a similar distribution of subpopulations, which is not
surprising given their short larval phases and subsequent settlement very close to where the eggs
hatched. It could be that the pink prawns have similar larval phases or that there are other barriers to
their dispersal. The reproductive biology of pink geryon crabs is also unknown and so far, no genetic
research has been conducted on them. In order to maximise the sustainability of the demersal trawl
fisheries that target these three species, it is imperative that taxonomic research be undertaken to
determine conclusive distributions of these populations to inform their transboundary management in
the region. There is a need to train researchers from the SWIO in the science of taxonomy to ensure
confidence in species identifications. There is also a great need to compile an up to date comprehensive
species identification guide to assist in the identification of species trawled in the region.

“The only true wisdom is in knowing you know nothing.”
— Socrates
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3 Introduction

3.1 Description of the fishery

It is uncertain exactly when the South African deep-water crustacean trawl fishery off the province of
KwaZulu-Natal (KZN) began. The earliest catch records date back to 1961 (Berry 1972) but the fishery
could well have begun before then. The trawl grounds were discovered in the 1920s during a survey
conducted with the SS Pickle (Gilchrist 1921). The surveys carried out in KwaZulu-Natal were aimed
at discovering finfish resources but documented large catches of the deep-water lobster, Palinurus
delagoae. It was this resource that the early fishers targeted. While the fishery targeted lobsters, other
crustaceans such as knife prawns (Haliporoides triarthrus) and African langoustines (Metanephrops
mozambicus) were also caught. The catches of lobsters started to decline during the 1960s and fishers
diversified their fishing activities to also target the prawns and langoustines. In present times, along with
prawns and langoustines, the fishers target the pink geryon crab, Chaceon macphersoni and do still catch
some lobsters as bycatch.

The trawl grounds are located off the east coast of South Africa between 28°S and 31°S with a break in
the grounds where the substrate is not suitable for trawling (Figure 1). For the most part, the continental
shelf along this coastline is very narrow with a steep drop-off except for the central area, known as the
Natal Bight, where the shelf is up to 50 km wide. The width of the trawl grounds varies from 15 km off
St Lucia to 40 km off Durban (Oceanographic Research Institute, unpublished data). The trawlable area
is approximately 1 750 km? and ranges in depth from 100 to 600 m (Fennessy and Groeneveld 1997).
Berry (1969) described the substrate as variable with organic and mineral detritus and ranging from mud
to hardened deposits of sediment, foraminifera and spicules. The water temperature drops from 20°C to
10°C as depth increases (Guastella and Roberts 2016) The strong Agulhas Current flows down the coast
at rates up to three knots (Berry 1969) in a south-westerly direction, often with its core over the
continental slope and with large scale meanders (Lutjeharms 2006). The current forms a formidable
barrier to trawlers wanting to operate in depths greater than 600 m.

In terms of effort and production, the KZN crustacean trawl fishery is relatively small in comparison to
the finfish trawl fisheries that operate off the Western Cape Province of South Africa (Warman 2017).
The fleet is very small with only three to four vessels operating each year. In the early 1980s there were
21 vessels from 12 companies in the fleet, but it is very unlikely that they all fished at the same time
(Fennessy and Groeneveld 1997). The vessels used are 25-35 m stern trawlers with approximately 30 t
hold capacities. They utilise otter trawls, and mostly deploy a single net off the stern. Footropes vary
between 26 and 60 m. Total retained catches range between 200 and 400 t/year with an average annual
catch of 255 t (Groeneveld and Everett 2015). The three target species of knife prawn, African
langoustine and pink geryon have contributed almost 75% towards the total retained catch since 2011
(DEFF Unpublished data).

Despite the importance of the contribution of the three target species to the overall catch, very few
investigations have been conducted into their biology, particularly in recent years. In the late 1960s and
early 1970s, scientists at the Oceanographic Research Institute undertook studies on African
langoustines (Berry 1969) and knife prawns (Berry et al 1975). In the 1980s, de Freitas (1980) described
all the Penaeoidea, including the knife prawn, of southeast Africa and Brinca et al (1983) documented
knife prawns caught during four research surveys off Mozambique. In the 1990s Tomalin et al (1997)
finalised research on the knife prawns, African langoustines and pink geryons of the KwaZulu-Natal
(KZN) trawl grounds. They looked at catch trends, size distributions, sex ratios and maturity. After this
there was no research conducted into these three species in KZN. There was, however, some research
conducted in Mozambique but the results are mostly only available in unpublished reports of the
Instituto Nacional de Investigacdo Pesqueira (Dias et al. 1999, Dias et al 2005, Dias and Caramelo 2007,
Sobrino et al. 2007a, Sobrino et al. 2007b, Dias et al 2008, Dias et al. 2009, Dias et al. 2011). After the
passage of time, it is necessary to repeat studies on species to establish current status. Further, it is well
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documented that trawling has many effects on the environment in which it operates (Rijnsdorp 2016,
Hiddink et al 2017, Kaiser 2019). These effects can include altered habitats, reduced biodiversity, and
changes in the demographics of the species affected by trawling. The demographic changes include
abundance, size and sex distributions (Jennings et al. 2005; Tillin et al. 2006, Hiddink et al 2017).
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Figure 1: Map of the study area showing the deep-water crustacean fishing grounds off the east coast
of South Africa.

3.2 Management of the fishery

Permits were first issued for the trawl fishery in 1972 but there were no restrictions on where the trawlers
could fish (Fennessy and Everett 2015). Current permit conditions state that offshore fishing is not
allowed within 7 nm of the highwater mark and must be between 28° 30.9’S 32° 24.0” E and 30°15.0°S
30° 46.8’E (DAFF 2018). In the late 1980s permit conditions stipulated that catch information in the
form of trawling and landings logbooks were to be submitted to the then Department of Sea Fisheries
(formally Department of Agriculture, Forestry and Fisheries, DAFF, and now Department of
Environment, Forestry and Fisheries - DEFF) and this remains a permit condition (DAFF 2018).
Logbooks consist of information about each trawl including date, time, depth, position and duration of
the trawl along with the catch information. The management strategy in terms of catch and effort for
this fishery has remained mostly unchanged for the last three decades. The fishery is managed through
input control: Total Allowable Effort (TAE) in the form of the number of vessels allowed to operate per
year (DAFF 2018). This limit has been set at seven vessels (including a maximum of four inshore
(shallow water <50 m depth) vessels) although this is not based on any fisheries or biological analyses
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of data to support the limit. Vessel numbers currently range between three and four, so the TAE is not
currently being met. Besides spatial restrictions on the operations of the fleet, the only other restriction
is on mesh size in the codend. Stretched mesh sizes in the codend are regulated by the fishing permit
conditions and have changed over time from 38 mm in the 1990s (Fennessy and Groeneveld 1997) to
50 cm at present (DAFF 2018). There are no catch (output) controls in place.

3.3 A regional perspective

The KwaZulu-Natal (KZN) crustacean trawl fishery is the southern-most crustacean trawl fishery in the
Southwestern Indian Ocean (SWIO). Nine countries’ exclusive economic zones are in the SWIO:
Kenya, United Republic of Tanzania, Mozambique, Madagascar, Mauritius, Seychelles, Comoros,
France and South Africa (Figure 2). Deep-water trawling (industrial or for research purposes) has
occurred in five of these countries: Kenya, United Republic of Tanzania, Mozambique, Madagascar and
South Africa (Groeneveld and Everett 2015). This region is dominated by the presence of two western
boundary current systems dividing the area into two large marine ecosystems (LME). The Somali
Current LME extends from Dar es Salaam in the United Republic of Tanzania to just south of Socotra
Island off Somalia and it includes the East African Coastal Current (EACC) and the Somali Current
(Alexander 1998). The Agulhas Current LME stretches from the northern part of the Mozambique
Channel down to Cape Agulhas, South Africa. It incorporates the Mozambique Current and the Agulhas
Current (Lutjeharms 2006). The currents of the SWIO arise from the South Equatorial Current which
forms two divergent currents when it divides on reaching the African coast. The EACC flows north
along the Kenyan coast and the Mozambique Current flows southwards (Okemwa 1998). During the
Southeast Monsoon (April to October) the EACC strengthens and during the Northeast monsoon
(November to March) it weakens. This gives rise to the reversing Somali Current (Schott and McCreary
2001). The Mozambique Current morphs into a series of anticyclonic eddies before becoming a tributary
to the Agulhas Current (Lutjeharms et al. 2012). The Agulhas Current is characterised by warm, fast-
flowing water that hugs the continental shelf (Lutjeharms 2006).

In the SWIO, most crustacean trawling occurs in shallow water less than 50 m in depth, from South
Africa to Kenya, and targets Penaeus indicus and Metapenaeus monoceros. These shallow species are
more accessible than the deep-water resources (van der Elst et al. 2009). The deep-water trawl fisheries
are of a multi-species nature and include catches of prawns (Haliporoides triarthrus, Aristaeomorpha
foliacea, Aristeus antennatus, Aristeus virilis), langoustines (Metanephrops andimanicus, African
langoustines), slipper lobsters (Nephropsis stewarti), spiny lobster (Palinurus delagoae) and geryonid
crabs (Chaceon macphersoni, C. crosnieri, C. somaliensis) (Manning and Holthuis 1989, Manning
1993, Groeneveld and Everett 2015). These fisheries also retain a diversity of finfish and cephalopods
categorised as bycatch. Non-valuable invertebrates, fish and elasmobranchs are discarded (Groeneveld
and Everett 2015). Only two countries in the SWIO have well established deep-water crustacean trawl
fisheries: South Africa and Mozambique. Kenya has a few vessels licenced to operate in deep-water but
effort and catch statistics are not readily available (Fulanda et al. 2011, WIOFish 2019). In Madagascar
and Tanzania there have been irregular attempts at deep-water trawling, but it is assumed that these
attempts are not sustained due to the limited area of the grounds and unsuitable trawling conditions that
possibly limit viability (Groeneveld and Everett 2015).
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4 Objectives

The main objective of this thesis is to improve the understanding of the KwaZulu-Natal crustacean trawl
fishery and how it fits in with a Southwestern Indian Ocean regional perspective of deep-water trawl
fisheries catching crustaceans.

Specific questions raised were:

1))

2)

3)

4

5)

6)

What is the abundance, distribution, size and growth of the knife prawn, Haliporoides
triarthrus?

What is the abundance and biology of the African langoustine, Metanephrops mozambicus?

What is the spatial distribution, abundance and population structure of the deep-water crab
Chaceon macphersoni?

What areas are the most important to the fishery in terms of effort and productivity of the three
target species?

How does the KwaZulu-Natal fishery fit in with other trawl fisheries of the Southwestern Indian
Ocean region and are the resources targeted by trawl fisheries adequate to sustain these
fisheries?

How do the faunae targeted by deep-water trawl fisheries in the Southwestern Indian Ocean
differ regionally and can any inferences be made regarding their biogeography in the region?



5 Materials and brief summary of methods

Catch and effort data for the KwaZulu-Natal crustacean trawl fishery used in Paper 1, Paper 2, Paper
3, Paper 4 and Paper 5 were from a long-term database (1988-2017) comprising logbook drag sheet
data. Permit conditions make it mandatory that skippers complete these drag sheets for every trawl haul
and submit the information to the Department of Environment, Forestry and Fisheries (DEFF). The data
collected include date, time, depth and position of trawl haul as well as the retained catch species in
kilograms. Anomalous records for which trawl localities, depth, trawl duration and catch compositions
were obviously incorrect were excluded from the analyses. Catch and effort information for Paper 3
was also provided by data collected by an onboard observer on a longline trapping vessel. The observer
collected effort data such as numbers of longlines and traps set, date and time of setting and hauling,
position and depth of sets and catch per trap. Catch and effort for Paper 1, Paper 2 and Paper 3 were
explored using generalised linear models in R software. Paper 5 and Paper 6 utilised the catch and
effort data from four research surveys conducted in Kenya, Tanzania, southern Mozambique and
Southwestern Madagascar, between October 2011 and March 2012, in addition to the KwaZulu-Natal
commercial trawl data. Nominal catch densities in Paper 5 were standardised using a modelling
framework to account for effects of depth, area and day/night differences.

Biological sampling for Paper 1 was undertaken on six quarterly observer trips during normal fishing
activities on a commercial trawler. An unsorted random sample of catch of 10-20 kg was collected for
each trawl. All knife prawns were removed from this sample for further investigation. They were sexed,
carapace lengths measured, and moult stage recorded. Numbers of reproductively active females were
recorded, and macroscopic staging of their ovaries was undertaken. Length-weight relationships were
determined in the laboratory by measuring and weighing samples purchased from the vessel. During the
sampling trips mentioned for Paper 1, African langoustines were also collected for Paper 2. The
langoustines were sexed, measured, moult stage recorded, and the eggs of berried (gravid) females were
staged. Packed langoustines were purchased and measured and weighed in the laboratory to determine
length-weight relationships. Biological sampling for Paper 3 was conducted by observers on
commercial trawlers in 1997 and 2012 and on the longline trapping vessel from 2004 to 2007. Carapace
widths of pink geryons were measured and they were sexed. Numbers of berried females were recorded,
and immature and mature females were distinguished. A carapace width: whole weight relationship was
determined through measuring and weighing a range of crab sizes.

Analyses in Paper 4 made use of spatial analyses routines available in ArcGIS Desktop 10.7.1 to
determine clustering of fishing effort and target species catch per unit effort (CPUE). Space time cubes
were created on which emerging hotspot analyses were conducted. These analyses showed the
importance of various areas on the fishing grounds to the fishery.

Data in Paper 6 were analysed for species richness, Chao2 estimator, Shannon’s diversity, Pielou’s

index, multivariate, non-metric, multi-dimensional scaling and three-factor permutational multivariate
analysis of variance.
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6 Summary of results

6.1 Abundance, distribution, size and growth of the knife
prawn, Haliporoides triarthrus (Paper 1)

Knife prawns occurred in 85% of all trawls recorded in the
database and retained catches averaged 125 t.y” for the
period 1990-2010. Standardisation of the catch per unit effort
(CPUE) values showed that year, month, depth and vessel
were significant in determining catch probability.
Standardised CPUE declined gradually (with fluctuations)
S alelzae s 2z =2 from 1990 to 2001 after which it increased to a peak in 2008.
© Oceanographic Research Institute Monthly CPUE peaked in March with a decline to November
before rising from December onwards. CPUE was highest
between 200 and 599 m, peaking between 200 and 299m and 400 and 499m. The prawns sampled ranged
in size (carapace length CL) from 13.0 to 59.8 mm. Significant predictors in the CL size model were
sex, month and depth. March and November were when larger prawns were caught while December and
February were when there were smaller prawns in the catches. There were very small differences in size
across depth, but the larger prawns were mainly found between 450 and 474 m. Overall, the number of
males were equal to that of females but the probability of catching a male was higher in March and
August whereas the likelihood of catching a female was higher in November and December. Females
were on average larger than males. Reproductive seasonality could not be assessed as only 20 females
out of 2 991 showed any form of ovarian development and they were mostly in the developing stage.
Cohorts for males and females were easily identifiable for all months sampled. The youngest female
cohort (25 mm CL) was detected in November and it dispersed after approximately two years at 39 mm
CL. Male cohorts appeared at similar times to females but were smaller. Estimates of growth parameters
L., and K were made using the standard von Bertalanffy growth function. Female values were 40.6 mm
CL and 1.06 y' while males were 35.2 mm CL and 1.27 y™' respectively.

6.2 Abundance and biology of the African langoustine,
Metanephrops mozambicus (Paper 2)

African langoustines were present in 80% of trawl hauls. Most
langoustines were caught in October and in depths between
400 and 499 m. Year, month, depth and vessel were significant
in the catch probability models. CPUE increased between 1989
and 1994, declined until 2003 and increased again with
fluctuations until it peaked at 2010. CPUE was lowest during
the first four months of the year, increasing to a peak in July
before decreasing gradually for the remainder of the year. The
highest CPUEs were between 300 and 599 m. There was a
negative correlation between standardised CPUE and fishing
effort. Sampled langoustines ranged in carapace length (CL) from 17.5 to 72.6 mm. Month and depth
were significant variables in the size models. Mean CL was smallest in March and November while size
decreased consistently with depth. Males marginally outnumbered females (1:0.89) and month was the
only significant variable in the sex model. The likelihood of encountering equal numbers of males and
females was the same in all months except November when males were more prevalent. Female maturity
was determined by size, month and depth. The probability of catching ovigerous females was highest in
December and at depths between 325 and 350 m. The high proportion (72%) of eggs with well-
developed embryos or about to hatch embryos seen in May suggests that this is the main hatching period.
Distinct size cohorts were seen for intermediate-sized langoustines. Monthly samples were unimodal
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except for March when two peaks were observed. These peaks represented males and females
individually and March was the only month where there was a distinction between the sexes. Male and
female length frequencies did not differ significantly (Pearson’s y* test of independence, P > 0.05) and
sexes were therefore combined for growth analyses. Standard von Bertalanffy growth function estimated
Loat65.5+44mmandKat0.7+0.1y".

6.3 Spatial distribution patterns, abundance and population
structure of the pink geryon, Chaceon macphersoni (Paper
3)

Pink geryons were recorded in 58% of trawl hauls and 16% of
longline trap sets. Significant variables in the catch probability
models for the trawl catch rates were year, month, depth and
vessel while for the trap catch rates, they were season, depth
and latitude for the binomial model and year, depth and
latitude for the gamma model. Trawl CPUE peaked in the
e A T early 1990s and thereafter declined to its lowest in 2002.
ty ' » While some recovery was observed after 2002, the 2010
© Oceanogr fhic ResearchINggiguee®™ = CPUE was only 17% of the maximum in 1992. November to
B January were the months with the highest CPUEs and they
increased with depth from 100 to 499 m. CPUE values for the
trap fishery declined between 2004 and 2007, they increased with depth, from September to November
and between 29.5°S and 30.49°S. Significant variables in the size model were sex and year. Males were
significantly larger than females and those caught in traps were smaller in 2004 and 2005 than those
caught in 2006 and 2007. Female crabs attained sexual maturity at smaller sizes than males. Females
outnumbered males by a ratio of 1:0.29. Month was the only significant variable in the sex model and
the probability of encountering male crabs in the traps was highest from July to September and lowest
in November. Reproductively active females were scarce in the overall catches of trawl hauls (6%) and
traps (8%).
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6.4 Determining areas of importance to the KwaZulu-Natal
crustacean trawl fishery using hotspot analyses (Paper 4)

Autocorrelation analyses (Global Moran I statistic) indicate that overall fishing effort and CPUE of the
three target species - knife prawns, African langoustines and pink geryons - in the KZN crustacean trawl
fishery occurred in non-random clusters. Downward trends of the z-scores for all four aspects show that
clustering is becoming less pronounced with time. A space-time cube was developed on which to
conduct analyses that included both space and time. The Mann-Kendall trend test showed that effort in
terms of sum and mean of hours fished per locality has a significant declining trend. This trend is
particularly noticeable for the locations further away from Durban where the trawlers are based. The
same test for the three species separately showed that neither the knife prawns nor the pink geryons have
any significant trends over the study period but the langoustines had a significantly increasing trend.
The emerging hotspot analyses show how the fishing effort has become more concentrated over time to
arelatively small area directly off the Durban Harbour. Hotspots for the CPUE of the three target species
were similarly concentrated in the southern section of the Durban Deep grounds showing that this area
has persistently remained the most productive area for the fishery despite having the most effort
concentrated there. Over time there have been contractions in the most productive areas for each species
and the knife prawns experienced the tightest contraction.
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6.5 Composition and abundance of trawl resources in the
Southwestern Indian Ocean (SWIO) and are they enough to
support fisheries (Paper 5)

This paper is based on four trawl surveys conducted in Mozambique, Madagascar, Tanzania and Kenya.
Teleosts were the dominant catch group in all countries (59-74% of total catches) and depths.
Crustaceans made up 15% of the catch in Mozambique and Madagascar, but only 6% in Kenya and
Tanzania, where elasmobranchs (18%) and other invertebrates (11-15%) were more abundant. Country
and depth were significant variables in the standardisation of catch data. Abundance of knife prawns
and African langoustines declined from south (Madagascar, Mozambique) to north (Kenya, Tanzania),
but the Indian nylon shrimp, Heterocarpus woodmasoni, was more abundant in Madagascar, Tanzania
and Kenya. Pink geryon and knife prawn abundance increased up to 600 m depth, whereas African
langoustines and Indian nylon shrimp peaked shallower, at 350-500 m. Crustacean catch composition
in Mozambique was strikingly similar to commercial landings in eastern South Africa but differed
markedly across the Mozambique Channel. Deep-water crustaceans were less abundant in Kenya and
Tanzania, and at depths shallower than 400 m.

6.6 Ecological gradients of trawl resources in the
Southwestern Indian Ocean (Paper 6)

This paper is based on the four trawl surveys conducted in Mozambique, Madagascar, Tanzania and
Kenya used in Paper 5. A total of 243 genera were identified. Teleosts were the most dominant group
(55%), followed by crustaceans (18%), elasmobranchs (12%) molluscs (10%), and other invertebrates
(5%). Knife prawns (14%), greeneye fishes Chlorophthalmus (13%) and drift-fishes Cubiceps (12%)
were the genera with the highest frequencies of occurrence in the trawls. Knife prawns were, however,
rare in Tanzania and completely absent in Kenya. Highest species richness was found in Mozambique,
and in the 300-399 m depth stratum where most of the fishing effort was directed. When the Chao2 non-
parametric estimator of species richness was used, Kenya had the highest species richness and Tanzania
the lowest. Tanzania had the highest evenness and Mozambique the lowest. Shannon’s diversity was
greatest in Kenya, decreasing southwards along a latitudinal gradient to Mozambique. Chao2 estimated
that species richness was highest between 200 and 299 m and lowest between 500 and 599 m. Shallower
depths showed more evenness than the deeper depths. Shannon’s diversity was highest between 200 and
299 m. PERMANOVA and PERMDISP showed that differences between Kenya and Tanzania versus
Mozambique and Madagascar were only a result of location effects. Differences between Kenya and
Tanzania were due to location and differences between Madagascar and Mozambique were due to
location and dispersion. PERMANOVA found significant differences between all depth strata while
PERMDISP found significant differences in most pairwise comparisons with the exception of the two
most shallow depth strata (200 - 299 and 300 - 399 m) and between 300 - 399 and 400 - 499 m strata.
Genera contributing most to the dissimilarity between the north and south were greeneyes, knife prawns
and the fish Acropoma. By country, Madagascar and Tanzania were most dissimilar, with blackchin
fishes Neoscopelus, greeneyes, and nylon shrimps Heterocarpus, the main drivers. By depth, the 200-
299 m and 500-599 m strata were most dissimilar, based on blackchin fishes, knife prawns and
greeneyes. Our study shows a clear difference in community structure of slope fauna across the
Mozambique Channel, reflecting sampling of two ecologically different soft-sediment communities.
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7 Discussion

7.1 The importance of deep-water trawl fisheries in the
Southwestern Indian Ocean

By 2017, the total marine catches for the western Indian Ocean (Fishing Area 51) documented on the
Food and Agriculture Organization of the United Nations (FAO) Global Capture Production Dataset
were over 5.3 million tons (FAOa 2019). Catches by the nine countries of the Southwestern Indian
Ocean accounted for only 13% of the total. Crustaceans contributed about 7% towards the total catch
and Southwestern Indian Ocean countries caught 13.5% of the total crustacean catches. Figure 3
confirms that catches by the SWIO countries form a very small part of the overall catches of the western
Indian Ocean. This does not necessarily indicate that the fisheries of the SWIO countries are not
important to the countries which operate them, particularly since catches from small-scale fisheries are
known to be underreported for the region (van der Elst et al. 2005). Population estimates for the SWIO
are over 107 million people with 47% living within 100 km of the coast (Kimani et al. 2009). The
fisheries contribute to vital issues such as food security and poverty alleviation in countries that have
the lowest gross incomes per capita (Cunningham and Bodiguel 2005, Obura et al. 2017).
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Figure 3: Marine catches recorded in the FAO Global Capture Production Dataset by all countries and
countries of the Southwestern Indian Ocean fishing in the western Indian Ocean for total catch (a) and
total marine crustacean catches (b).

Fisheries in the SWIO generate 9% of the gross marine product with 87% of this value coming from
industrial fisheries, particularly for tuna (Obura et al. 2017). Industrial fishing provides an important
source of foreign exchange revenue through exports to markets in developed countries (Kimani et al.
2009). Catches from the SWIO deep-water trawl fisheries include high-value prawns, langoustines and
crabs as well as teleosts and elasmobranchs that have lower values (Groeneveld and Everett 2015). The
only long-term deep-water crustacean trawl fisheries in the SWIO are found off the east coast of South
Africa and off Mozambique. Both of these fisheries began in the 1960s and continue at present. The
South African fishery is relatively small with a cap of seven vessels allowed to fish (DAFF 2013) with
only three or four operating. The fishery off Mozambique has had a declining trend in the number of
vessels operating from around 40 vessels in the 1980s to 16 in 2012 (Dias and Caramelo 2013) but has
since expanded markedly to over 25 (IIP, unpubl. data). Tanzania and Madagascar have had sporadic,
short-lived deep-water fisheries that have not been very successful (Groeneveld and Everett 2015) and
Kenya has, since 2018, permitted two vessels to fish in the deep (N. Wambiji pers. com,
nwambiji@kmfri.co.ke).

There is some difficulty in separating the various fisheries’ catches in the FAO Fishery Commodities

Global Production and Trade Dataset where shrimps and crabs are all combined without any distinction
between shallow or deep fisheries. The total crustacean catch in 2017 for Mozambique, United Republic
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of Tanzania, Kenya and Madagascar, however, brought in almost US$ 172 million to these countries
(FAOb 2019). Deep-water langoustines (Metanephrops spp.) on their own were responsible for
US$ 515000 in foreign income, and the recent annual export value of Mozambican deep-water
crustaceans was around US$ 8 million (IIP unpubl. data). While these amounts may not seem
substantial, for these developing countries and the fisheries that catch these species, they are significant
amounts of foreign revenue. Catch statistics provided by national fisheries departments show that for
the SWIO crustacean catches are relatively small (53 000 t in 2017) in comparison to other fisheries
such as those targeting tuna (192 000T in 2017) (FAOa 2019) and the South African crustacean trawl
fishery averages 255 t/year and its counterpart in Mozambique averages over 2000 t/year in recent years
(ITP unpubl. data). Kenya’s catch statistics have not yet been published (N. Wambiji pers. com,
nwambiji@kmfri.co.ke).

7.2 Taxonomic issues with crustaceans in the SWIO

Marine biodiversity has been affected by a combination of human impacts including ocean warming,
pollution, biological introductions and overfishing (Sala and Knowlton 2006, Lehtiniemi et al. 2015,
Hilborn 2016). Fishing in its specific targeting of biological resources has a very direct impact on
ecosystem biodiversity (Norse 1993) while trawling is recognised as one of the most destructive forms
of fishing. Along with the target species, it removes a large number of species caught as bycatch and
results in the physical disruption of the environment in which it operates (Alverson 1997, Gage et al
2005, Kaiser et al. 2002, Kelleher 2005, Bellido et al. 2011). The effects of trawling differ between
habitats, especially the various types of substrate, and between the species targeted by the trawlers (Ryan
and Moloney 1988, Riemann and Hoffman 1991, Hamre 1994, Kaiser et al. 2002). Increases in the
number of vessels operating and the harvesting efficiency with the introduction of new technologies has
resulted in decreases of target species and subsequent changes in the ecosystems (Vecchione 1987).

According to Vecchione et al. (2000) there are two methods for determining the effects of fishing on
biodiversity. First, it involves the discovery and description of the species living in the ecosystem of
interest and their relationship with similar species globally (baseline information). Second, is to assess
the current and historical (if possible) status of the biodiversity of the ecosystem and to establish if there
have been any changes. Understanding and monitoring an ecosystem’s biodiversity is completely reliant
on the proper identification of species within that ecosystem (Vecchione and Collette 1996).

Taxonomic information is not only essential for understanding biodiversity, it also addresses many
critical conservation issues particularly regarding transboundary matters (McNeely 2002). With a move
to an ecosystem approach to fisheries in terms of multiple target species (Murawski 1993) and/or large
marine ecosystems (Sherman et al. 1990) it is essential for management to have adequate information
on all abundant and ecologically significant species (McNeely 2002).

Crustacean fisheries in the SWIO are multi-target fisheries that share transboundary resources to various
extents (Table 1) (Paper 5, Groeneveld and Everett 2015). Surveys conducted by the RV Dr Fridtjof
Nansen showed that crustaceans were the only regional resources that showed any potential to sustain
demersal trawl fisheries (Fennessy et al. 2017). The question is, though, how certain are we that species
were correctly identified?
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Table 1: Main species caught by deep-water trawls in the SWIO, showing transboundary species (Paper
5, Groeneveld and Everett 2015).

Species Kenya Tanzania |Mozambique| South Africa | Madagascar
Aristaeomorpha foliacea
Aristeus antennatus
Aristeus sp

Aristeus virilis

Chaceon macphersoni
Haliporoides triarthrus
Heterocarpus woodmasoni
Linuparus somniosus
Metanephrops mozambicus
Palinurus delagoae
Penaeopsis balssi

Surveys conducted from the 1970s to the 1990s in the western Indian Ocean by the Norwegian vessel
the RV Dr Fridtjof Nansen were focused on exploring the potential of resources for fisheries, and
crustacean species were mostly recorded simply as crustaceans, shrimps, lobsters and crabs (Groeneveld
and Koranteng 2017) without an attempt to classify them to species level (Figure 4). Voucher specimens
were not collected, and this was a lost opportunity to store samples in museum collections that could be
referred to later. Very few data from other surveys that occurred in the region, such as those undertaken
by the USSR, are readily available (van der Elst and Everett 2015). It would, however, be valuable to
be able to compare the results of those surveys with those of the RV Dr Fridtjof Nansen but due to costs
of repatriating the data, it is not possible (Romanov 2012).

TANZANIA

Crustaceans unidentified, b) Crabs unidentified, c¢) Shrimps unidentified, and d) Lobsters unidentified

(see Groeneveld and Koranteng 2017 for the full list of survey reports from which these figures are
derived).

More recently, during the South West Indian Ocean Fisheries Project (SWIOFP), the opportunity to
validate species identifications was lost once again when voucher specimens were not collected during
the deep-water trawl surveys (Paper 5). In Paper 6, which analysed these data, a conservative approach
was adopted in the community analyses, and genus rather than species level was used after discovering
mismatches of species recorded beyond their known depth and latitudinal ranges. Furthermore,
examination by two crustacean taxonomists (Prof. Tin-Yam Chan, National Taiwan Ocean University
and Prof. Peter Ng Kee Lin, National University of Singapore) of photographs of three of the most
abundant species of crustaceans found that these species had been misidentified (Figure 5).
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Figure 5: Incorrectly identiﬁéd Species Jfrom the SWIOFP surveys a) Metapenaeus monoceros initially
identified as Fenneropenaeus indicus, b) Penaeopsis balssi initially identified as F. indicus, and c)

Chaceon somaliensis initially identified as C. macphersoni.

Unfortunately, these misidentifications are not overly surprising since species identification guides for
deep-water taxa in the SWIO are incomplete, outdated or not appropriate for the regions in which they
are used. Scientists without taxonomic experience can very easily misidentify species while using these
guides. An example is that of the African langoustine, Metanephrops mozambicus which was previously
thought to be the same species as the Andaman lobster, M. andamanicus. These species are very similar
and difficult to distinguish from each other and while they occur in different areas, guide users might
think that they have identified the species correctly based on the incorrect distributions given.
Macpherson (1990) identified the differences between the two species as well has their distributions but
lobster guides such as the Marine Lobsters of the World (Holthuis 1991) and FAO species identification
sheets (Fischer and Bianchi 1984), which are still in widespread use in the SWIO, describe the
distribution range of the Andaman lobster to include East Africa. Macpherson (1990) and Chan (2010)
limit its distribution to the Andaman Sea, Philippines and Indonesia. Even if researchers use electronic
guides such as the World Register of Marine Species, they will be led astray when looking at the species
distribution for the Andaman lobster (Figure 6) which also includes South Africa in its distribution range
(WoRMS 2019). This brings into question the identification of the langoustine in publications such as
Fulanda et al. (2011) and Zacarias (2013) that list the Andaman lobster as an East African species.

Sources (4) Documented distribution (18) Specimens (1) Notes (1) Attributes (11) Vernaculars (6)
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Figure 6: Species distribution of Metanephrops andamanicus as provided by the World Register of
Marine Species (WoRMS 2019a).

The African langoustine is not the only target crustacean species with identification issues. Chaceon
macphersoni, the pink geryon crab that is found from the border between Namibia and South Africa
(Atkinson and Sink 2018) to Mozambique (Manning and Holthuis 1988, 1989) has been identified in
Kenyan and Tanzanian deep-water trawls. During the trawl surveys of the SWIOFP it came to light
through photographs that the crab species identified as C. macphersoni was actually C. somaliensis (see
above and Figure 5c¢). Manning 1993 described C. somaliensis from a single specimen that was collected
off Somalia in 1991. It is very similar to the pink geryon but differs in having slender legs, a
comparatively greater gap between the first and second anterolateral teeth of the carapace, a smoother
carapace, and a different shape to the orbital margin. These minor differences are not easily recognised
particularly when they are not specifically being looked for. In Paper 5, after considering the decreasing
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catch rates with decreasing latitude for pink geryons, we speculated that the transition from pink geryons
to C. somaliensis occurs somewhere off Tanzania and that in all likelihood, all Chaceon caught from
Tanzania northward are C. somaliensis. Photographs of the crabs provided during the SWIOFP surveys,
and of specimens obtained more recently, certainly appear to collaborate with this theory. Without actual
samples though, absolute certainty is difficult to establish.

The irregularities in the identification of the target species leave a lot of concern for the bycatch species
which are even less well known. Two examples are presented below but there are probably many others,
and the extent of taxonomic issues concerning the many discarded species are completely unknown.
The greeneye (Chlorophthalmus cf. punctatus), a very common retained bycatch species of the
KwaZulu-Natal and Mozambican deep-water crustacean trawl fishery, is thought to be a species
complex in the SWIO and will most likely be re-described as a new species (Dr Barry Russell, Charles
Darwin University, 2019 pers. comm. 16 August) but for now there is uncertainty regarding their
identity and distribution. Another difficult bycatch species group are the dogfish sharks of the Squalus
genus which are discarded rather than retained. Observers on the KZN deep-water trawlers have
struggled to identify these species at sea, even after retaining some for further identification in the
laboratory (Oceanographic Research Institute Unpublished Observer Data). In 2017, the genus was
revised to include two new species, Squalus margaretsmithae and Squalus mahia (Viana et al. 2017)
leaving uncertainty regarding the species that were previously identified as S. megalops and S.
mitsukurii. The species in this genus share morphological characteristics that makes their distinction
from one another almost impossible at sea (Myagkov and Kondryurin 1986).

The misidentification of species is not limited to survey and fisheries data. On investigation of the FAO
Fishery Commodities Global Production and Trade Dataset to calculate the total marine resource exports
from South Africa and Mozambique, it was found that African langoustines were listed under the
categories of “Norway lobsters (Nephrops norvegicus), dried, salted or in brine, smoked” and ‘“Norway
lobsters (Nephrops norvegicus), whether in shell or not, frozen” for both countries (FAO 2019b).
Nephrops norvegicus is a Northern Hemisphere species that is found in the Eastern Atlantic and
Mediterranean Sea (Holthuis 1991). Furthermore, a search on the Alibaba trade website
(www.alibaba.com) listed langoustines from Mozambique as M. andamanicus, the Andaman lobster,
(https://www.alibaba.com/product-detail/Langoustine-Scampi-Metanephrops-
Andamanicus_122757920.html?spm=a2700.7724838.2017115.14.7bd274561zrOcL). Holthuis (1991)
stated that the Andaman lobster does not occur in Mozambique but presumably the use of inappropriate
guides or misinformation is being used in the labelling of the species. Seafood mislabelling, whether
done intentionally or unintentionally, can occur at any stage in the supply chain. Often this is not
intentional because species are difficult to identify and because species sometimes have more than one
common name and common names may vary between countries or regions (Buck 2010). When
mislabelling is done intentionally it can be to either sell illegally caught fish on the legal markets or to
command a higher price for a lower value species (Ogden 2008). Given the issues regarding the
identification of African langoustines as Andaman lobsters as discussed above, it is likely that the
langoustines sold on the Alibaba website are more likely not intentionally mislabelled. Seafood
mislabelling is a global issue and needs to be addressed (Jacquet and Pauly 2007, 2008). A study of
seafood samples from wholesalers and retailers in South Africa found 9% and 31% respectively had
been mislabelled (Cawthorn et al. 2012). In the South African crustacean trawl fishery, some bycatch
species are being reported under incorrect common names in the trawl logbooks that are provided to the
Department of Environment, Forestry and Fisheries (DEFF). These include finfish such as the false
kingklip (Hoplobrotula gnathopus) which is reported as kingklip, internationally known as ling
(Genypterus capensis). Kingklip is a very popular eating fish in South Africa and it commands a high
price in restaurants but according to Smith and Smith (1966) it has been mislabelled for a very long
time, as they wrote in 1966 "as it is nowhere abundant, far more fish named 'kingklip' on menus is eaten
than is ever caught".

May (1990) proposed that species that have not been correctly identified, do not receive adequate
protection under legal management regimes. Mace (2013) stresses that conservation of species is near

impossible because without knowing the species we cannot understand their relationships within their
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ecosystems and how they will react to environmental change and degradation. Morrison et al. (2009)
found that changes in taxonomy had mixed results in conservation for various species. The habitats and
communities of the benthic soft sediments are the most predominant along the continental shelf and
slope of the SWIO (Fennessy and Green 2017) yet these remain the least known and understood.
Improving our taxonomic understanding of the species affected by deep-water trawl fisheries (both
target and bycatch) can go a long way towards formulating management plans that address resources on
both national and regional scales. This can be done through re-evaluating species caught by the deep-
water crustacean trawl fisheries that are currently operational in South Africa, Mozambique and Kenya.
Any further surveys that are undertaken in the region should be specifically tasked with the collection
of voucher specimens to improve identification of species. It is concerning when researchers on surveys,
who often do not have any experience using taxonomic keys, rely solely on using pictorial species guides
when assigning species names. These pictorial guides may not even be from the correct area where the
species are being collected and species names are assigned based on the closest resemblance between
the specimen and an image. Therefore, in order to make sure that the correct taxonomies are assigned,
there is an urgent need for scientists to be trained in the use of taxonomic keys so that they become
comfortable with their use. Hopefully this will encourage researchers to turn to the keys before relying
on identification guides that do not always provide the best identification characteristics and, as
discussed above, outdated or misleading distribution information.

7.3 Importance of understanding species distributions

As with taxonomy, species distributions play an important role when applying the ecosystem approach
to fisheries (Monk 2013), managing transboundary stocks (Levin et al. 2018), understanding effects of
fishing pressure on biodiversity and monitoring ecosystems to external drivers such as climate change
(Perry et al. 2005, Lucey and Nye 2010). Mesoscale distribution patterns for many commercially
important species and their associated ecosystems are lacking even though knowing this information is
particularly important (Mackinson 2001). Regardless of the awareness of the importance of accurately
identifying essential fish habitats and their inhabitants for effective spatial fisheries management,
current knowledge of species distributions is qualitative and uncertain (Moreno et al. 2014). Species
distribution data can be collected through fisheries-dependent data from commercial fisheries or through
fisheries-independent data consisting of dedicated research surveys. Determining species distributions
on local scales with the use of fisheries-dependent data which is collected consistently is more easily
undertaken than using data collected during research cruises. Research cruises may only provide
snapshots of distributions in both time and space. Fisheries-dependent data is, however, limited by data
credibility, vessel capabilities and by economic considerations of the fishers (Pennino et al. 2016).

Complete coverage of the Southwestern Indian Ocean continental shelf and slope by demersal trawl
surveys is hampered by seabed geology and oceanography in various areas along the coastline which do
not allow for bottom trawl fishing (Groeneveld and Everett 2015). The continental shelf is mostly
narrow, and the slope is in parts very steep, with the substrate rough and rocky and the currents too
strong for correct operation of the trawl (Groeneveld and Everett 2015, UNEP-Nairobi Convention and
WIOMSA 2015). Survey coverage is also not complete when spatial variations are taken into account,
and is compounded by the focus of the early research programmes on fisheries species, which led to
inadequate species identifications (see above discussion). The most complete survey dataset available
is that of the Mozambique shelf and slope by the RV Dr Fridtjof Nansen but these surveys were also
temporally inconsistent. Other surveys conducted by the RV Dr Fridtjof Nansen were conducted either
as once-off surveys in several countries several decades ago, or as incomplete coverage of the country’s
coastline, for example Madagascar (Everett 2017). Surveys such as those of the RV Vizconde de Eza in
Mozambique focused specifically on known trawl grounds (Diaz et al. 2009). This patchiness combined
with inadequate identification of species in the catches (as discussed above) has contributed to an
incomplete understanding of the distributions of species, particularly crustaceans, that are important to
fisheries in the SWIO. Once-off research surveys do not provide any indication of factors affecting
distributions, such as seasonality, and can produce outcomes that are biased and imprecise (Hilborn and
Walters, 2013). Pennino et. al. (2016) suggest that using a combination of fisheries-dependent and
fisheries-independent data can provide a more comprehensive outcome than using data sets on their
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own. There is, therefore, scope for future work in combining the data from the three currently operating
deep-water fisheries in the SWIO with data collected during the South West Indian Ocean Fisheries
Project (SWIOFP), RV Vizconde de Eza and RV Dr Fridtjof Nansen surveys. Careful attention will
however need to be paid to the species identifications from each data set.

Papers 1, 2, 3 and 4 dealt with distributions of knife prawns, African langoustines and pink geryons
within the trawl grounds off the eastern coast of South Africa. These studies have provided a better
insight into the local distributions of these three species within the confines of the relatively small trawl
grounds there. We now know that knife prawns are more available to the fishery at depths of 200-299
m and 400-499 m while African langoustines CPUEs were highest in the depth range of 300-399 m.
These two species have difference preferences for the substrate in which they live, with the former
preferring soft substrata composed of sticky muds (Berry et al. 1975) and the later preferring soft muddy
substrata into which they presumably burrow as other Metanephrops species do (Bell et al. 2013).
McArthur et al (2010) found that there are often complex relationships between benthic diversity and
sediment variables, and percentage mud, percentage gravel, rugosity and compaction are the most
dominant characteristics in determining what species are found. Variations in the distributions of these
two species are most likely underpinned by the spatial distribution of the varying habitats over the trawl
grounds. Unlike the prawns and langoustines, the pink geryons did not appear to show spatial/habitat
preferences and changes in distribution were linked to depth and season. There were no significant
distribution differences in the crab sizes over the trawl grounds, but females were found all over the
grounds whereas males tended to be found deeper on the grounds. This suggests that the majority of
males are found in areas that are too deep for the trawlers to operate (because of the influence of the
strong Agulhas Current).

7.4 Difficulties in assessing species distributions due to
inadequate reference materials

While species determinations should not be based solely on distribution information, particularly in the
face of climate-change induced distribution changes (Perry et. al. 2005, Pinsky et al. 2013, Poloczanska
et al. 2013), published distributions do aid in preventing assigning of incorrect species names. There are
some factors to consider when using species distributions. These include the age of the document in use,
the area/region covered by the source and the credibility of the source. It is important to consult more
than one source, but this can be confusing when sources provide conflicting information. The prawn,
langoustine and crab species discussed in Papers 1, 2, 3 and 4, and in the discussion above, are good
examples of cases in which distribution information is confusing.

Online species catalogues are very popular as they save researchers from having to carry vast quantities
of hard copy species descriptions when going into the field and they provide a valuable service in
allowing quick checks into the validity of species names and their distributions. These sources include
among others the World Register of Marine Species (www.marinespecies.org), SealifeBase for
invertebrate species (www.sealifebase.org) and FishBase for fish and elasmobranchs
(www. fishbase.org). These sources of information of very convenient but they have some challenges.
For knife prawns, WoRMS lists the distribution as occurring in the South West Indian Ocean, East
Africa, Kenya, Tanzania, Mozambique, South Africa (Cape of Good Hope, East London and the whole
country) and Madagascar. Not one of the references provided to substantiate these occurrences are from
taxonomic monographs of the species. The distributions for Kenya, Tanzania, Mozambique and South
East Africa are from Dore and Frimodt (1987) who provide a basic map and description of the
distribution, with no supporting references as to where this distribution was sourced, while the reference
for the East Africa region is from Ivanov and Hassan (1976) who collected a single male specimen off
Mozambique. The description for knife prawns given by SeaLifeBase is given as “Southeast Atlantic
and Western Indian Ocean: from Kenya and Madagascar to Cape of Good Hope, South Africa” without
any reference provided (SeaLifeBase 2019a). It is confusing since the main reference given for the
overall species description is Holthuis (1980) which gives the distribution as South and Southeast Africa
which would by convention exclude Tanzania and Kenya. Currently there are two subspecies of knife
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prawns recognised from the SWIO region - these are Haliporoides triarthrus triarthrus from South
Africa and Mozambique, and Haliporoides triarthrus vniroi from Madagascar and Mozambique
(Kensley et al. 1987; Pérez-Farfante and Kensley 1997; De Grave and Fransen 2011). Haliporoides does
not occur in Tanzania and Kenya.

The African langoustine is another species for which the distribution provided by WoRMS is baffling
to website users (Figure 7). It shows the species to occur in the Mediterranean Sea as well as the South
Pacific Ocean, the East Atlantic as well as the SWIO. The reference for these distributions is Holthuis
(1991). According to Holthuis (1991), however, the distribution for African langoustines is “Indo-West
Pacific region: off E. Africa (from Kenya to Natal), Madagascar”. SealLifeBase states that besides being
found from Kenya to Natal, it is also found in the Southwest Atlantic. Similar to the knife prawn, there
is no specific reference for the distribution and the main reference is Holthuis (1991) which does not
mention the occurrence of African langoustines in the Atlantic. The maintenance of these databases is
without a doubt an extremely challenging task with each taxonomic editor responsible for an average of
805 species (WoRMS 2019c¢). Bearing that in mind, researchers should be encouraged to validate
species with which they are familiar with to ensure that the distributions and other biological data
presented are accurately reflected on the species pages (van Zyl and Willemse 2000).
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Figure 7: Species distribution of Metanephrops mozambicus as provided by the World Register of
Marine Species (WoRMS 2019b).

The use of identification guides that are not appropriate for the area in which a study is being conducted
can very easily result in the misidentification of species. Because there are no comprehensive and up to
date guides for the deep-water soft-sediment demersal fauna of the Southwestern Indian Ocean, the
South West Indian Ocean Fisheries Project (SWIOFP) onboard researchers used an informal
identification guide developed by the Oceanographic Research Institute in Durban, based on observer
information from the South African crustacean trawl fishery. As discussed in Paper 6, this led to the
identification of species in the trawls that were subsequently shown to not be previously described from
the study areas. Because the areas where the surveys were being conducted had not had much attention
in terms of taxonomic work, it was uncertain if these species were misidentifications or if these species
had merely been overlooked previously and their ranges did in fact cover those areas. Without voucher
specimens from the surveys it was impossible to distinguish which situation applied or if it was a
combination of both. For paper 6, the process of deciding to use genus as the taxon level for analysis
was done after determining that there were other congeneric species of the “misidentified” species in
the area. This at least provided some confidence that analyses would not be skewed.

Another example whereby inappropriate guides may cause misidentifications is when guides are for
specific areas and only give distributions within that area rather than the whole range of the species. In
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Atkinson and Sink (2018), which is titled as a guide to deep-water invertebrates of South Africa, only
distributional ranges for the West and South coasts of South Africa are provided, and East coast are not
mentioned. This has not been made apparent in the guide, so users might not realise that the species
distributions do not include to the entire country. For both knife prawns and pink geryons, the
distributions are given as “West and South coasts of South Africa” with no mention of the East coast
where these species are of commercial value. Similarly, African langoustines do not feature at all
because the species does not occur within the geographic scope of this particular guide.

The use of outdated guides also needs to be mentioned although it has to some extent been covered in
the discussion about the misidentification of the Andaman lobster above. Researchers should make an
effort to trace the latest species reviews before embarking on surveys were species identifications will
be undertaken and used to describe distributions. This applies also to species that are caught regularly
as these species may have been reclassified, such as the Chlorophthalmus and Squalus genera mentioned
above. A further example of a species that may have been perpetually misidentified is that of C.
somaliensis which has been recorded as pink geryons in Kenya (Paper 5 and Figure 5c) when in all
likelihood it is C. somaliensis.

Undoubtedly there are numerous obstacles in determining the correct distributions of species of the
Southwestern Indian Ocean. Of course, one of the most important challenges is that taxonomy seems to
be a dying science with few scientists training in this discipline (Drew 2011). It is becoming increasingly
difficult to find taxonomic experts to include on research surveys and the importance of collecting
taxonomic samples seems to be overlooked more often.

7.5 Biogeographic considerations in the context of ocean
circulation and dispersal

The three focal species, knife prawns, African langoustines and pink geryons, are generally found along
the eastern African coast from South Africa northwards and on the western coast of Madagascar. But
what has led to these distributions, how the distributions are maintained and are these single stocks/
populations, are questions whose answers are required to develop or maintain sustainable fisheries. This
requires an understanding of their biogeography. Biogeography is the investigation into the patterns and
processes that direct the distributions of species. Factors that need to be considered include the species’
life history traits, environmental factors and evolutionary influences.

Species’ diversity and distribution is determined by their biological and behavioural traits. These traits
include the characteristics of their life stages such as egg, larval, juvenile and adult phases with their
specific requirements and adaptations. When egg and larval stages are longer, the gene flow of a
population can be increased (White et al. 2009) or decreased when eggs are demersal rather than pelagic,
or if the larvae are large, or the planktonic larval phase is short (McCusker and Bentzen 2010). Migration
also plays a role in distributions and if adult benthic marine organisms show limited or no migratory
behaviour, it is expected that gene flow occurs via larval movements which may be active or passive
(Hellberg 2009). Distributions may also be influenced by habitat preferences, for example size
distributions differing over depths or females inhabiting shallower areas than males (Hastie 1995,
Gutiérrez et al. 2011). Environmental factors that may contribute to distributions include habitat
topography, salinity, temperature and food availability, all of which may affect the separate life stages
differently (Ayre et al. 2009). Ocean currents and counter-currents also influence the gene flow by either
limiting or enhancing connectivity (Gonzalez and Zardoya 2007, Berntson and Moran 2009, Vifias et
al. 2010) and historical events such as continental drift, climate change, sea level rise and sedimentation
can have contributed to the evolutionary developments of species (Martinez et al. 2006, Gonzalez &
Zardoya 2007, Provan & Bennett 2008, Hoareau et al. 2012). The population genetic structure and
history of species, particularly those that are of commercial importance and where conservation and
management of the species is required, can be and have been analysed using molecular markers (Hauser
& Ward 1998, Ovenden et al. 2009, Kiper 2014, Healey et al. 2017).
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The links between biogeography and population genetics of Southwestern Indian Ocean (SWIO) marine
species has only fairly recently started to become a research focus and most studies focus on shallow-
water teleosts such as Otolithes ruber (Kiper 2014), Lethrinus nebulosus (Healey et al. 2018) and
Pristipomoides filamentosus (Mzingirwa et al. 2019) and shallow-water invertebrates such as
Neosarmatium meinerti (Ragionieriet al. 2010), Uca annulipes (Silva et al. 2010), Panulirus homarus
(Singh et al. 2018) and penaeid prawns (Mkare et al. 2014, Mkare et al. 2017). Zacarias (2013) explored
the population genetics of Haliporoides triarthrus and Metanephrops mozambicus from South Africa
and Mozambique in his MSc thesis but his work was not published due to concerns that the genetic
markers used were not appropriate. Chaceon macphersoni has so far not been subjected to any
biogeographical studies.

One of the oldest recognised patterns of biodiversity is the increase in biodiversity with decreasing
latitude (Rosenzweig 1995, Gaston 1996a, Gaston 1996b, Brown and Lomolino 1998, Willig 2001).
According to Schemske (2002) these gradients are due to historical, geographic, biotic, abiotic and
stochastic influences. Latitude is, however, a proxy for other environmental gradients such as
temperature, solar radiation and seasonality. While there are some exceptions to these gradients, they
are true for most marine fishes (Barbour & Brown 1974) and for decapod crustaceans (Steele 1988).
During the South West Indian Ocean Fisheries Project (SWIOFP), crustacean trawl surveys were
conducted in Mozambique, Tanzania, Kenya and Madagascar. The catches from these surveys were
used in Paper 6 to determine if there were gradients in composition of demersal fauna of the region. Due
to limitations in the identification of species, genus level was used for the analyses (see above). Willig
et al. (2003) state that patterns based on higher taxonomic levels than species may repeat those at species
level, but caution must be used when assuming that the relationship is quantitative. Using genera for the
SWIOFP data (Paper 6) it was possible to determine that there were indeed gradients in distributions
from north to south along the coast of the mainland, and differences between deep-water fauna found
off the African mainland and off the West coast of Madagascar. There was an overall dissimilarity of
90% between the northern (Kenya and Tanzania) and the southern (Mozambique and Madagascar)
sampling sites. While this marked dissimilarity supports the theory of a latitudinal gradient there is some
caution required in interpreting the results. Two commercial trawl vessels were used for the surveys,
one based in the south and the other based in the north. Catches were standardised using a ratio of the
area sampled by the nets and the smaller vessel’s catch was scaled up by this ratio to equate them to that
of the larger vessel. There were also more trawls undertaken in the south than in the north so the species
in the southern area were deemed to be better represented. Even with these constraints, Kenya had the
highest diversity while Mozambique had the lowest. Gradients of species diversity can inform fisheries
managers from the region as to which resources are more important to which areas and which genera
are the drivers of similarities and dissimilarities between benthic communities. Albeit hampered by
problems with species identification and distribution information, Paper 6 showed that there is at very
least a broad scale pattern against which to compare future catch information. This will be of importance
in the consideration of changes in diversity due to climate change, as some species or phases of their
life cycles may not be able to survive (Orr et al. 2005, Fabry et al. 2008, Fogarty et al. 2008, Cheung et
al. 2011).

Previous studies have shown that the availability of physical habitat is not evenly distributed over space
and spatial clusters, and long stretches of unsuitable habitat can be a limiting factor in determining
dispersal (Pearson and Dawson 2005), range limits (Sexton et al. 2009) and biogeographical regions
(Whitton et al. 2012). The current knowledge on the distributions of the three species of this study is
closely linked to the grounds on which trawls, either commercial or research, have been deployed and,
in the case of the crabs some experimental trap fisheries that were conducted over a limited time frame
(Groeneveld and Everett 2015, Paper 3 and 4). It is highly probable that these species are also found in
areas where trawlers are unable to operate because they may be beyond the vessels’ operational
capabilities or are too risky to trawl. The absence of detailed maps of the seafloor of the SWIO limits
the interpretation of biogeography for the three species, making it difficult to predict the full extent of
the population distributions. It also cannot be determined if areas such as the northern continental slope
of Mozambique have unsuitable habitat that is extensive enough to form effective barriers to the
northward dispersal of African langoustines and pink geryons (Figure 8). Furthermore, Fenberg and
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Rivadeneira (2019) hypothesise that species that have low dispersal potential (i.e. short or non-pelagic
larval phases) would be more directly affected by regional patterns of habitat continuity compared to
those with a longer pelagic phase. Thus, ecological dynamics of any marine species is affected by its
life history.

With regards to the individual species distributions, Figure 8 provides the localities of catches of knife
prawns, African langoustines (with Andaman lobsters included) and pink geryons from the surveys
conducted during the South West Indian Ocean Fisheries Project (SWIOFP) and from the RV Dr
Fridtjof Nansen surveys (Groeneveld and Koranteng 2017, EAF Nansen Programme Unpublished data).
The Andaman lobster has been included since this is considered a misidentification of the African
langoustine. These maps show that all three species occur off the East coast of mainland Africa and on
the West coast of Madagascar. As discussed above there are substantial gaps in our knowledge of these
three species but by using information from other closely related species, it may be possible to infer how
these distributions came about and how they are maintained.
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a) Haliporoides triarthrus, b) Metanephrops
mozambicus and M. andamanicus, and c) Chaceon macphersoni from surveys conducted during the
South West Indian Ocean Fisheries Projects (Papers 5 and 6) and by the RV Dr Fridtjof Nansen
(Groeneveld and Koranteng 2017, EAF Nansen Programme Unpublished data).

Different population dynamics can occur for species with long-lived, far-dispersing larvae as opposed
to species with short-lived larvae (Eckert 2003, Kinlan and Gaines 2003; Weersing and Toonen 2009).
Likewise, natural and anthropogenic disturbances will affect species that have highly dispersive larvae
rather than species with larvae that spend a very short time in the water column (Levin 1984).
Oceanographic transport systems are thought to facilitate genetic connections between remote
ecosystems (Marsac et al. 2014) such as those seen in Figure 8 where species distributions are separated
by the Mozambique Channel and the extensive northern Mozambique coastline. The effectiveness of
these modes of connectivity by meso and sub-mesoscale circulations has however been debated with
proponents (Rosenblatt and Waples, 1986; Shulman and Bermingham, 1995; Doherty et al., 1995) and
opponents (Cowen et al., 2000; Warner and Cowen, 2002). In terms of the SWIO and its predominant
southward flow of water, it is not surprising that species that occur in Mozambique are also found off
the East Coast of South Africa. Not so easily explained though is the co-occurrence of a range of species
that occur off the African mainland and Madagascar (Marsac et al. 2014). The success of egg and larval
transport is dependent on the duration of these stages in the species’ life cycles and also on the ability
of larvae to control their movement within the water column. The eggs and larvae of invertebrates need
to reach their settlement destinations before metamorphosis occurs, to ensure their survival (Marsac et
al. 2014). Some species, such as the spiny lobster Panulirus homarus rubellus, have no contemporary
gene flow across the Mozambique Channel and yet the Madagascar clade originated on the coast of the
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African mainland from the ancestral lineage (Reddy et al. 2014). An explanation provided by Pollock
(1992) is that colonization events occurred initially through larval dispersal and exchange, followed by
isolation resulting from sea level changes during glacial periods.

It is possible that eggs and larvae of species that do cross the Mozambique Channel are doing so through
entrainment by the mesoscale eddies that are characteristic of the area (Ockhuis et al. 2017). This
strategy is only successful for species with long pelagic egg and larval stages as, depending on the origin
of the propagules, the crossing could take between five and seven months (Marsac et al. 2014). For
benthic organisms, the settlement destination must be reached before metamorphosis occurs. A quicker
alternate route for crossing suggested by Marsac et al. (2014) was through the regions of the contra-
rotating eddies where current speeds would allow a channel crossing of 50 days (Hancke et al. 2014).
Schleyer et al. (2019) through the use of the South-West Indian Ocean Model distinguished five
transport categories for crossing the Mozambique Channel. These are: (1) transport within eddies, (2)
advection towards/onto the continental shelf by eddies in the narrowest part of the channel, (3) almost
direct cross-channel transport (probably in interstitial waters between eddies), (4) particles caught up in
southward travelling eddies and (5) fast transport in interstitial waters between westward propagating
eddies. Understanding the feasibility of transport of genes for the various species across the geographic
barriers of the SWIO therefore requires knowledge of the egg and larval stages of the species.

African langoustine females are ovigerous, like many decapod species. Egg-bearing females are found
in trawl catches all year round, but it is more probable to catch them in December (Paper 2). Mating is
estimated to occur around August with hatching occurring around May (Paper 2). Eggs, therefore, hatch
after 9 to 10 months and the larvae are in an advanced developmental state with limited swimming
abilities, a short or no natatory period and settle within days to hours after hatching (Robey and
Groeneveld 2014). With such a short larval stage, probably close to the seabed, it appears that the
langoustines do not make use of ocean currents to either move along the African coast or across the
Mozambique Channel. Without other factors such as adult migration, it is expected that these life history
traits will result in unique genetic structures within subpopulations that have developed in isolation.
Zacharias (2013) found genetic partitioning between six sample sites (three from Mozambique, one
from South Africa and two from Madagascar) using mitochondrial DNA analyses. As with P. homarus
rubellus, population expansion was interpreted as having occurred after the Last Glacial Maximum
period, approximately 19 000 — 20 000 years ago (Yokoyama et al. 2000), at the end of the Pleistocene
era, and gene flow between subpopulations was interrupted by sea level fluctuations — as suggested for
other species by Daniels et al. (2002), Ragionieri et al. (2009) and Daniels (2011).

Pink geryon females are ovigerous but unlike African langoustines there is very little further information
available on the biology of this crab, particularly for the egg and larval stages. Despite catches on the
trawl grounds in both South Africa (Paper 3) and Mozambique (Paula e Silva 1985) being dominated
by females, very few egg-bearing females were encountered during the studies for Paper 3 with only
6% and 8% of females caught in the trawls and traps, respectively, being ovigerous. Haefner (1978) and
Wigley et al. (1975) suggested that hatching of eggs occurred in depths of 200 to 400 m for Chaceon
species. This is an unlikely strategy for pink geryons as we would then expect to see a higher amount of
ovigerous females on the trawl grounds that occur at these depths. It is possible though that the females
do move to shallower areas to release their eggs, but possibly not on the trawl grounds. The decline in
the proportion of female crabs caught during the austral winter months (Paper 3) suggest that gravid
females move off the trawl grounds and aggregate where they are unavailable to the fishery. A similar
scenario was described by Melville-Smith (1987) for C. maritae off Namibia. This unavailability of
egg-bearing females to the trawls and traps has compounded the difficulty in studying their reproductive
biology. In the absence of information on pink geryons, information on other Chaceon species can be
used in the assumption that species in the same genera exhibit the same life history traits. It has been
suggested that the eggs are carried for 9 months by C. quinquedens (Haetner 1977, 1978), C. maritae
(Melville-Smith 1987) and C. fenneri and C. quinquedens (Erdman and Blake 1988, Erdman et al. 1991).
Larval development of C. quinquedens was estimated at between 23 and 125 days with duration
dependent on temperature and food availability (Kelly et al. 1982). As larvae mature, there is decline in
swimming activity, particularly in the later stages, and their sinking rates increase. Thus, the larval
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distribution in the water column becomes deeper as they mature towards metamorphosis (Kelly et al.
1982). With temperature being an important factor in the duration of the larval stage, and the larvae
being exposed to a variety of temperatures as they rise in the water column, there is a resultant wide
range in dispersion potential (Kelly et al. 1982). In the SWIO context, should pink geryon larvae exhibit
the same larval development and behaviour, the larvae released nearer to the tropics will have shorter
larval stages due to the higher water temperatures and settle closer to the reproductively active adults
while those further south will have the potential to settle in more distant sites. Since pink geryons are
likely to inhabit a similar range of habitats to other Chaceon species (Manning and Holthuis 1989,
Wenner and Barans 1990, Hastie 1995), there is less risk of the megalopa not finding a suitable habitat
on which to settle as may happen with the African langoustines that require soft sediments into which
they burrow. As previously discussed, knowledge of the distribution of pink geryons is very much
limited to where trawling (and to a smaller extent trapping) can occur while the crabs live in much more
diverse habitats, so their distributions could be vastly underestimated by this limited fisheries-based
source of information. No genetic studies have as yet been conducted on the pink geryons but
morphological studies on North Atlantic species of Chaceon hypothesised that speciation was relatively
recent (Weinberg et al. 2003).

Despite the commercial importance of knife prawns to fisheries (de Freitas 1985, Paper 1), there is
almost no information available on its reproductive biology. From a literature search this lack appears
to be common in the other Haliporoides species: H. cristatus, H. diomedeae and H. sibogae, as well as
in most deep-water prawns. There have also been no reports of studies on the culture of any deep-sea
Penaeoid species (Carreton et al. 2010). But, Haliporoides belongs to the Dendrobranchiata suborder so
some assumptions can be made regarding its life history based on other species in the suborder. Eggs
hatch into larvae that go through the following moults: nauplii, protozoea, and mysis (Carreton et al.
2010). It is assumed that ripe females spawn on the sea floor and the egg and nauplius stages have the
ability to move to the water surface through buoyancy and swimming abilities (Clavel-Henry et al.
2019). From there it can be assumed that hydrodynamic processes will determine if the larvae are
dispersed or retained. Duration of the planktonic phases of knife prawns is unknown so the extent of
dispersal is unknown. Reproductively active females are scarce on SWIO trawl grounds except for
Bazaruto, Mozambique (Brinca et al. 1983). Females dominated catches deeper than 450 m which may
suggest that the spawning population is found at depths beyond the capabilities of the trawlers (Paper
1). The hypothesis presented by Brinca et al. (1983) that Bazaruto was the primary spawning ground for
knife prawns was refuted by genetic studies conducted by Zacarias et al. (2013), who indicated that the
subpopulations found in South Africa, Madagascar and Mozambique were genetically distinct. While
some caution is required interpreting the results of this study due to the use of pseudogenes in the
analyses (ORI unpubl. data), a reviewer felt that the subpopulation separation results were not in
question. From these separations we can carefully draw the conclusions that Bazaruto is not the single
source for recruitment to all the trawl grounds of the SWIO, because the larval phases may not be long
enough to take advantage of the ocean currents in the region and that there are most likely other barriers
to the dispersal of the larvae between regions. These barriers may include the presence of a strong
thermocline that inhibits water mixing (Thorpe 2007) or food availability in the later larval stages
(Fortibuoni et al. 2010).

Species distributions are not based on the dispersal abilities of eggs and larvae alone but rather through
complex interactions between biotic and abiotic factors to which each species is subjected. Abiotic
factors include temperature, salinity, oxygen concentration and solar radiation (Lomolino et al. 2006).
Abiotic factors in the SWIO that may affect species distributions include low oxygen zones (Saterdal
et al. 1999, Halo et al 2017) and the general oligotrophic nature of the region due to very little cold-
water upwelling (Huggett and Kyewalyanga 2017). This explains limited food availability to organisms
of the SWIO, but food availability on its own is not a predictor of life histories. Marshall and Burgess
(2014) found that the relative proportion of species occurring in a habitat that have a planktonic (versus
anon-planktonic) larval phase was associated with temperature and seasonality. Where food availability
is more seasonal, Marshall and Burgess (2014) also found that the proportion of species with a
planktonic phase is higher. Biotic factors that influence home ranges include competition, predation,
parasitism and availability of prey or mutualistic species (Vance 1973, Wiens 2011, Marshall and
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Burgess 2014). The role of biotic factors in large-scale biogeographic patterns remains largely
unexplored (Wiens 2011). While all these factors on their own or through interactions may limit species
ranges, it is also the failure of the species to adapt to changes in conditions at the edges of their
distributions that limits range expansions (Kirkpatrick and Barton 1997, Gaston 2003, Gaston 2009).

A dispersal barrier appears to exist for crustaceans off northern Mozambique as can be seen in Figures
4 and 8. Very few crustaceans were recorded here during the RV Dr Fridtjof Nansen surveys between
1977 and 2018 (Groeneveld and Koranteng 2017, EAF Nansen Programme Unpublished data) — albeit
that few demersal trawls could be deployed in this region of the SWIO. The separation of demersal
communities found in Paper 6 identified significant differences between the north (Kenya and Tanzania)
and the south (Mozambique and Madagascar) and this separation was also found for the shallow-water
teleost Orolithes ruber with very low levels of genetic mixing between Kenya and Tanzania in the north
and Mozambique, South Africa and Madagascar in the south (Kiper 2014). This separation of
populations is speculated to have come about through a combination of historical factors such as sea
level changes (Daniels et al. 2002, Ragionieri et al. 2009, Daniels 2011), biological differences and
oceanographic features (Kiper 2014). The historical development of three “oceanic” large marine
ecosystems (LME) discussed by Pollock (1998) may account for the differences between habitat
suitability for some species with a central truly tropical LME off the coasts of northern Mozambique,
northern Madagascar, Tanzania and Kenya, flanked on each side by subtropical LMEs. The tropical
conditions of this LME may have been beyond the adaption capabilities of these and other species of
the region. The hydrodynamic energy associated with the division of the South Equatorial Current to
the north and south in the vicinity of the border between Mozambique and Tanzania (Figure 2) may also
provide a barrier to the dispersal of fauna that reproduce to the south of this area, but this needs further
investigation.

27



8 Further work

The work described in this thesis has answered some questions related to the biology of three
commercially important crustacean species as well as their place in the deep-water trawl fisheries of the
Southwest Indian Ocean (SWIO). It has also raised a number of concerns and suggestions for future
activities and research. A fundamental problem that faces the region is the lack of taxonomists or even
biologists with some experience in taxonomy. This extends beyond the deep-water crustaceans, but is
perhaps especially prominent in these faunae, and in deep-water fauna in general, owing to their being
less often encountered. As Forges et al. (2013) state, “good taxonomic work at species level is a
prerequisite for any meaningful analysis on ecology or biogeography”. It is, therefore, extremely
important to promote the development of this area of expertise in the SWIO and in particular for the
crustacean species that form the core of the deep-water trawl fisheries.

Taxonomic monographs are generally difficult to access (Gill 1999) and it would be very useful to
develop a repository for them so that researchers may access them with relative ease. This could be
accomplished through the Nairobi Convention Clearinghouse that is currently under development. The
Nairobi Convention Clearinghouse will be a central repository that provides accurate and relevant data
and information for improved management and protection of the coastal and marine environment in the
western Indian Ocean (UNEP 2019).

Another useful resource to have would be a definitive guide to the deep-water, soft-sediment species.
Guides can be inaccurate and oversimplified (Gill 1999) so it would be imperative to make the guide as
accurate as possible with sufficient information to make it a worthwhile resource. This would need the
cooperation of researchers from all countries in the region that have or have the potential for these
fisheries.

Developing this guide would require that the uncertainties in the identifications of species be addressed.
As a first step the data collected from all sources, both fisheries and fisheries independent data, could
be combined to establish a baseline off which to work. Validation of the distributions established from
this step would require the collection of specimens from as many localities as possible. Of great interest
would be from areas where species overlap, where it is speculated that there are transitions of one species
to another and the outer limits of distributions. Sampled specimens would need to be subjected to
traditional morphometric analyses as well as genetic methods.

Supplementary to this would be the development of maps of the soft-sediment habitats of the continental
shelves and slopes. This can be achieved through the analyses of acoustic data from various sources
such as research vessels and from ships of opportunity that have passed through the region. Having
knowledge of the availability of appropriate habitats will allow for informed decision-making regarding
the extent of stocks and for the appropriate placement for the development of Marine Protected Areas.

With specific regard to the three species discussed in this study, it is important to understand the
distributions since all three have transboundary distributions which has management implications.
Species uncertainties need to be understood as well as population dynamics. The genetic studies of knife
prawns and African langoustines should be repeated using genetic markers that are better understood
than those of mitochondrial DNA. Mitochondrial DNA analyses are open to interpretation biases due to
the occurrence of pseudogenes which are known to be common in crustaceans (Schneider-Broussard et
al. 1997, William and Knowlton 2001, Song et al. 2008, Buhay 2009, Baeza and Fuentes 2013, Kim et
al. 2013). Genetic markers whose mode of evolution that is better understood (microsatellites, genome-
wide single nucleotide polymorphisms, etc.) would be more appropriate (Lemopoulos et al. 2018). It is
also recommended that other species, such as the pink geryon, be subjected to these analyses to provide
a better understanding of their phylogeny. Even simple barcoding of specimens from different regions
could provide an indication as to whether species are as widely distributed as recorded.
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A further suggestion is that the diversity studies undertaken for Paper 6 be expanded to incorporate the
effects of abiotic factors on the species richness, diversity and community structures. This will
contribute towards providing more comprehensive understanding of the driving forces behind the
latitudinal gradients of the SWIO. Factors for exploration should include ocean circulation (Marsac et
al. 2014), water temperature, productivity, and seasonality (Ricklefs and Schluter 1993, Marshall and
Burgess 2014). Currents, temperature and productivity data are available from the RV Dr Fridtjof
Nansen surveys (Groeneveld and Koranteng 2017) and these data can be supplemented with data from
satellite programs such as Ocean Color Web (https://oceancolor.gsfc.nasa.gov/). Understanding the
relationships between species diversity and community structures with regard to abiotic factors will
provide a necessary understanding of changes that will occur due to the influences of pollution and
climate change (Ormond et al. 1998, Harley et al. 2006).

Paper 4 provides a first step towards the designation of trawl footprints (the seabed area trawled at least
once in a specified location and time period) for the trawl grounds of the East Coast of South Africa.
Amoroso et al. (2018) described the trawl footprint for 24 continental shelves and slopes down to 1000
m. For the East Agulhas Current, data were combined for the southern Agulhas Banks trawl fisheries as
well as the east coast crustacean trawl fishery and included a large area in between the two as part of
available trawl grounds even though trawling is not possible. This study did not provide an indication
of a possible trawl footprint specifically on the habitats where trawling is possible. In terms of
management this provides an underestimation of the impact that trawling is having considering the
limited amount of habitat that is actually available for trawling. It will also be advisable to develop trawl
footprints for other SWIO countries where trawling occurs such as Mozambique, Madagascar and
Kenya. These trawl footprints will provide a better indication of the extent of impacts that the industry
is having on the ecosystems.

The final suggestion for further work applies to developing space time analyses of the various
commercial size categories of packed target species in the South African crustacean trawl fishery,
similar to the methodology used in Paper 4. Knowing which areas are predominantly occupied by the
smallest and largest individuals and when they frequent these areas can have implications for enhancing
the sustainability of the resources and for maximising the fisheries profits. When juvenile habitats are
protected, they can increase exploitable biomass by subsidising unprotected areas (Gell and Roberts
2003, Kerwath, et al. 2013). Fisheries receive higher returns for larger specimens, so for this fishery that
has only limited potential (based on the rapid negative response of catch per unit effort to increased
effort described in Papers 1, 2, 3 and 4), it may be possible to discover areas that are more favourable at
certain times to harvesting larger individuals. If fishers are informed about where to find these
individuals, they can expend less energy to find them while at the same time reducing growth overfishing
on the smaller specimens. Currently there is no protection for any of the size classes of the resources
but by providing maps of areas where larger individuals can be caught, the harvesting of individuals that
are smaller than the size that would produce the maximum yield per recruit (Caillouet et al. 2008) would
be reduced.
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9 Concluding remarks

The purpose of the studies described in this thesis was to explore the biology and distribution of three
commercially important crustacean species in the deep-water trawl fisheries of the Southwestern Indian
Ocean (SWIO). The studies also investigated the potential for deep-water trawl fisheries in the SWIO
and the diversity gradients that exist in these soft sediment habitats. The papers have provided updated
information on various aspects of the deep-water trawl fisheries but at the same time it has highlighted
the inconsistencies and gaps in what is known of the three species specifically and also the limited
scientific resources available to researchers in the SWIO. In order to better manage and conserve these
transboundary resources, it is necessary to understand their biogeography. Biogeographic information
has the potential to enhance systematic conservation planning but such information for marine
ecosystems is difficult to define (Lourie and Vincent 2004) as highlighted in this thesis. Species
misidentifications can compromise sustainable management measures by leading to overestimation of
stock abundances or inappropriate management measures based on incorrect biological parameters such
as age at maturity (Griffiths and Heemstra 1995). They can also contribute to underestimates of species
richness of areas and cause inaccuracies in the understanding of biological, ecological and evolutionary
processes (Garcia-Vazquez et al. 2012). The understanding of biogeography and gene flow has
implications when developing marine reserves (Shanks et al. 2003) and managing the resources, be they
single populations or a collection of subpopulations. Inspection of the marine protected areas on the
Protected Planet website (https://www.protectedplanet.net/) showed that for the countries of the SWIO,
very few deep-water soft sediment habitats have received any protection. This excludes the island states
of Seychelles, Mauritius and Comoros where trawling is banned. Understanding the biogeography of
the SWIO species will advance the identification and implementation of effective marine protected areas
in these specific habitats.

This study has exposed the need for improved taxonomic skills and better understanding of the biology
of the species concerned. Regional bodies such as the South West Indian Ocean Fisheries Commission,
the Western Indian Ocean Marine Science Association and the Sapphire Project of the Nairobi
Convention should be persuaded to invest in addressing these issues in order to protect the resources
themselves and in so doing, secure a long-term source of income and food in a region where many
people rely on the sea for their economic, social and cultural security (Standing 2009, FAO 2010, Cox
2012).
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Abstract

This study focuses on the KwaZulu-Natal deep-water crustacean trawl fishery located off the east coast of
South Africa. It investigates the spatiotemporal changes in fishing effort and catch per unit effort of three
target species (knife prawns (Haliporoides triarthrus), African langoustine (Metanephrops mozambicus) and
pink geryon (Chaceon macphersoni) using a space-time cube and hotspot analysis in ArcGIS Pro. This
analysis shows the contraction of the fishing effort over time and the confining of the most productive
localities to a relatively small area directly off the vessels’ home port of Durban. This provides invaluable
information on a fishery that has not been subjected to any formal stock assessments.

Keywords: spatiotemporal analysis, crustaceans, trawl fishery, hotspot analysis

Introduction

A deep-water crustacean trawl fishery operates off the province of KwaZulu-Natal on the coast of South
Africa. The trawl grounds were first discovered during exploratory research trawling in the 1920s when
large catches of spiny lobster, Palinurus delagoae, were made at times (Berry 1972). However, industrial
trawling for spiny lobster only appears to have commenced in the 1960s, with subsequent targeting of
deep-water prawns, langoustines and crabs as lobster catches declined (Berry 1972), although there are
few records from that time. The fleet size is small at present, with only three or four vessels operating, but
more vessels were fishing in the early 1980s (de Freitas 1995) although numbers are not certain owing to
poor records. Vessels utilised in the fishery are mostly stern trawlers with an overall length of 25-35 m with
a catch storage capacity of ca. 30 t, and they can remain at sea for up to 30 days. Otter trawls are used with
most deploying a single stern net (Fennessy and Groeneveld 1997), and trawl footrope lengths range from
26 to 60 m. Stretched mesh sizes in the codend have changed over time from 38 mm in the 1990s
(Fennessy and Groeneveld 1997) to 50 cm at present (DAFF 2018).

The current fishery targets predominantly knife prawns (Haliporoides triarthrus), African langoustine
(Metanephrops mozambicus) and pink geryon (Chaceon macphersoni)) (Groeneveld and Everett 2015).
These three species have different life history characteristics so most likely their catchability varies in space
and time. Haliporoides triarthrus inhabits a sticky mud substratum that is composed mostly of
foraminiferous remains located on the upper continental slope (Berry et al 1975), reportedly at depths of
300-800 m (Brinca et al. 1983; Torstensen 1989). Robey el al (2013a) confirmed that it is a fast-growing
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species with a lifespan of 2 — 3 years. Metanephrops mozambicus lives in soft muddy substrata at depths of
200-750 m (Berry 1969). Its lifespan is 3 - 4 years (Robey et al 2013b), and it is assumed that it burrows as
other Metanephrops species do (Bell et al. 2013). Chaceon macphersoni, like other species of the genus, is
found on both soft and hard (untrawlable) substrates (Groeneveld et al. 2013). Most deep-water Chaceon
species are slow-growing and long-lived (Serchuk and Wigley 1982, Hastie and Saunders 1992) and it is
likely that C. macphersoni has these characteristics.

The KZN deep-water crustacean trawl fishery is not large with a total retained catch that ranges between
200 and 400 t/year and averages 255 t/year (Groeneveld and Everett 2015). Since 1988, permit conditions
require that the fishery submits catch logbooks. These logbooks are submitted by vessel captains and
provide information on each trawl such as the date, setting and hauling time of the trawl, position, depth
and catches in each trawl. These logbooks show that the nominal catch per unit effort (CPUE) of H.
triarthrus decreased in the 1990s with a small increase in 1999 and 2000 before declining in 2001, and then
increasing until 2008, after which there was a rapid decline until 2017 (the last year of available data). They
showed a recovery until 2014 but have since declined again. Metanephrops mozambicus had an increasing
nominal CPUE until 2000 after which there was a decline for three years followed since by an increasing
trend. The nominal CPUE for C. macphersoni was initially high in the 1990s but declined in the early 2000s,
remaining low until 2013. Catch rates have since been steadily increasing to approach the early high values
(Groeneveld and Everett 2015, Department of Agriculture, Forestry and Fisheries Unpublished data).

The fishery has not been formally assessed in terms of its sustainability, and there have been limited efforts
to interpret fishing patterns in the context of distribution of resources, since the initial work of Groeneveld
and Melville-Smith (1995). The use of Geographical Information Systems (GIS) in fisheries mapping can
provide useful insights into the resources that exist at specific locations, and possible explanations for the
distribution of spatial assemblages and changing catch trends that have occurred over time (Bordalo-
Machado 2006, Jalali 2015, Steves 2019). These observations can, where necessary, be incorporated into
fisheries policies and plans to manage fisheries more sustainably (Dineshbabu et al. 2016). For this study,
we investigated if fishing effort and catches of the three target species were randomly distributed on the
fishing grounds; if there had been any spatial-temporal changes in effort and CPUE; and if the CPUE of
target species differed spatially from one another.

Methods
Study area

Trawlers in the deep-water crustacean fishery are based in Durban and operate on the continental slope in
depths from 100m to 600m. There is a small shallow-water (<50 m) fishing ground closer inshore, but that
is not included in this study as very little trawling has occurred there for several years. The deep-water
trawl grounds extend from 28.5°S in the north to 30.2°S in the south with a break in the grounds where the
seabed is apparently untrawlable based on the distribution of trawl localities (Figure 1). For the purpose of
this study the northern section of the trawl grounds will be referred to as Richards Bay Deep while the
southern area will be Durban Deep. The grounds vary in widths of around 15 km off Saint Lucia to 40 km off
Durban (Oceanographic Research Institute, unpublished data). Trawlers are prevented from operating in
depths greater than 600 m due to the strong Agulhas Current which flows in a south-westerly direction,
with the current core often over the continental slope, but with large-scale meanders at times (Lutjeharms

2



80
81
82
83
84

85

86
87
88
89
90
91
92
93
94

95

96
97
98
99
100
101
102
103

104

105
106
107
108
109
110
111

112

113
114
115
116
117
118
119
120

2006). Guastella and Roberts (2016) reported that bottom water temperatures where the trawl grounds
are situated ranged from 20°C to 10°C as depth increased. This was confirmed separately during a survey
off the KwaZulu-Natal coast with the RV Dr Fridtjof Nansen in January and February 2018 (EAF-Nansen
Programme Unpublished Data). The trawl ground substratum was found by Berry (1969) to be a mixture of
organic and mineral detritus, foraminiferous remains, mineral grains and siliceous spicules.

Data

It has been mandatory since 1988 for skippers to complete and submit logbook data for every trawl to the
Department of Environment, Forestry and Fisheries (Fennessy and Groeneveld 1997). The information
collected includes the date, time, duration, trawl start position, depth and catch. From 1988 to 1999, trawl
positions were given according to a coarse-resolution grid reference, but in 2000, skippers began providing
more accurate global positioning system (GPS) coordinates. Therefore, only data from 2000 onwards have
been used in this study. Logbook data were selected for inclusion primarily on the availability and accuracy
of trawl start positions. Those entries that were clearly inaccurate were eliminated. Furthermore, records
were eliminated when trawl duration was less than 30 minutes, or longer than 8 hours, or if no catch
amounts were provided. A total of 1 313 (4.2%) trawls was discarded leaving 30 165 trawls for analysis.

Data analyses

Spatial statistical tools in ESRI ArcMap 10.5 software were used to analyse the spatial and temporal
patterns in the effort and CPUE data. Initially all trawl start positions were assigned to a 5km grid over the
fishing ground to provide an overview of fishing effort and CPUE of the target species, that occurred on the
trawl grounds over the entire 18-year period. Auto correlation was calculated using the global Moran | tool
for each year. Moran’s Index was calculated using the distance trawled, position and values of each trawl
with the values of the index ranging between -1 (dispersed) and +1 (clustered), with values around zero
indicating a random pattern. This tool also provides the distance band threshold used in the hotspot
analysis (ESRI 2019a).

Having determined the overall patterns, the dataset was used to produce space-time cubes to be able to
explore the changes in effort and CPUE in both time and space. Space-time cubes allow for the display and
analyses of the data in three dimensions with the positions represented on the x and y axes and the years
represented on the z axis. All data points are aggregated into space-time bins which are packaged into a
NetCDF file with trend data created from the Mann-Kendall trend test. This test compares each bin value
with that of the previous year. Positive values indicate inter-annual increases, negative values show
decreases and zero indicates no change (ESRI 2019b).

The space-time cubes were analysed using the Getis Ord Gi* statistic of the emerging hotspot analysis tool
(ESRIb 2019). Emerging hotspot analysis examines neighbouring bins in both space and time and identifies
bins that have high and low values of effort and CPUE which are then designated as hot and cold spots
when there is significant clustering of high and low values respectively. Emerging hotspot analysis accounts
for the consistency and intensity of each time step in the classification of the significant hot and cold spots.
The tool also calculates the statistical significance of the autocorrelation and the dependence among the
neighbouring bins. A distance band of 4 241 m, derived from the autocorrelation (see Results), was used to
determine spatial neighbours, and one-year intervals were used for the neighbourhood time steps. Three-
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dimensional hotspot analysis was used to provide the ability to view each time step at each locality. This
allows scrutiny of the changes in hotspots at each time-step and locality and was used to create 3D
animations (Supplementary data).

Two- and three-dimensional visualisations of the space-time cubes were produced to allow visual
identification of the spatial-temporal patterns. The 2D visualisation provides a useful display of overall
changes in the study period while the 3D visualisation shows each location’s history and how it has changed
over the duration of the study period.

Results
Summarisation of effort and catch

Over the 18-year period of this study, nine different vessels have operated but not all at the same time. At
most in one year there were eight vessels and at the least there were two vessels. Total trawl hours ranged
from 4 100 to 12 400 per year (Figure 2). The total retained catch of the fleet (including non-targeted
species of fishes and cephalopods) was between 209 and 372 tons per year and that of the three targeted
species discussed here was between 164 and 282 tons per year. CPUE for the target species ranged
between 8.0 and 29.9 kg/h for knife prawns, 4.3 and 15.8 kg/h for African langoustines, and 2.1 and 11.8
kg/h for the pink geryons (Figure 2). Considering spatial distribution (Figure 3), trawling occurred over
almost all the trawl grounds except for a few parts of the Richards Bay Deep area where trawling is
presumably not possible. Most of the trawl effort was unsurprisingly on the gentlest sloping area of the
grounds between 400 m and 500 m in the Durban Deep area (Figure 3). The individual CPUE of the three
target species show very different patterns of distribution (Figure 3). The knife prawn CPUE had high
concentrations in the very southern part of Durban Deep and around 500 m depth; CPUE was also high in
the Richards Bay Deep area. African langoustine had higher CPUE in the northern part of the Durban Deep
area and to some extent in the Richards Bay Deep area, although less than that of the knife prawns. CPUE
for the pink geryon was concentrated in the Durban Deep area, most noticeably in the southern section,
and shallower than that of the knife prawns (Figure 3).

Autocorrelation

The results of the autocorrelation analyses (Figure 4), and specifically the Global Moran | statistic, indicate
that overall fishing effort and CPUE of the target species occurred in non-random clusters. There were,
however, three years when fishing effort appeared random and two years when CPUE of knife prawn and
pink geryon appeared random. Incremental spatial autocorrelation tested the Global Moran | statistic for a
series of distances to identify an appropriate neighbourhood distance for use in the space time cube. The
resulting distance bands and their corresponding z-scores indicate the scale at which the most pronounced
clustering is found for each year, and overall. Peak z-score distance bands ranged from 3887 m to
15 535 m. The distance band calculated for all years was 4 241 m which was used as the maximum value to
create the bin sizes in the space-time cube to avoid losing patterns in reduced resolutions. The overall
downward trends of the linear z-scores show that, for all four aspects, clustering becomes less pronounced
over time.
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Space-Time Cube

The space-time cube aggregated 30 165 data points into 1 520 hexagonally gridded (fishnet) locations over
18-time step intervals. Each bin is 4 241 m long by 4 241 m wide as calculated during the autocorrelation as
the appropriate distance band and each time step is equivalent to one year. Of the 1 530 total locations,
201 (13.14%) had at least one data point for at least one time-step interval. These 201 locations equate to
3 618 space-time bins of which 2 035 (56.25%) have point counts greater than zero. There was a statistically
significant decrease in data points over time indicating a decrease in the number of trawls over the study
period. Figure 5 shows the space time cube in its three-dimensional form, with the total annual effort in
hours for each locality and year. The space-time cube also incorporates the catch information for the three
target species and has been used for all further analyses.

Mann-Kendall Trend Test

The Mann-Kendall trend test shows the changes in the values of each bin for the overall period. Fishing
effort, in hours, showed a significant declining trend overall for both the sum of hours and the mean of
hours but there are locality variabilities in both (Figure 6). Figure 6a shows that the trend in sum of hours
fished increased in only 3 location bins while it decreased in 75 bins. The remaining bins showed no
significant trends. These declining trends are particularly noticeable in the Richards Bay Deep area and in
the northern and western portions of the Durban Deep grounds. Figure 6b shows that 33 bins showed
declining trends in the mean amount of time spent fishing in each locality, and 33 bins showed increasing
trends. The mean amount of time spent in the Richards Bay Deep grounds declined over the study period
but the central southern portion of Durban Deep saw an increase. There is also a small area in the north of
Durban Deep that has shown a local increase in mean fishing time but an associated decline in the sum of
fishing time. This indicates that fishing trips to this area have declined but the time spent there has
increased.

With regards to CPUE, the Mann-Kendall trend test showed that neither the knife prawns (Figure 7a) nor
pink geryons (Figure 7c) showed any overall trends with regards to changes in bins but, similarly to the
effort, there were localised increasing and decreasing trends. The knife prawns had 30 bins with decreasing
trends and 15 with increasing trends. The pink geryons had 17 decreasing and 8 increasing bins
respectively. The African langoustines, however, showed a significant increase overall, with 25 bins that
showed decreasing trends and 58 bins with very high confidence of increasing bins. Most of the bins with
increasing CPUE were located off Durban (Figure 7b).

Hotspot Analyses

The hotspot analysis showed locations that were more heavily fished and those where CPUE was higher
than surrounding locations. There are concentrations of hotspots of the sum of effort (Figure 8a) and the
mean of effort (Figure 8b) in the southern section of the Durban Deep grounds, where there are persistent
hotspots which have been statistically significant hotspots for 90% of the time-step intervals and oscillating
hotspots which are statistically significant in the final time-step but have also had statistically significant
cold spots during previous time-steps. The sum of effort also showed diminishing hotspots where total
trawl hours decreased over time while the mean of effort showed some intensifying hotspots. The Richards
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Bay Deep grounds and the northern section of the Durban Deep grounds only have varying levels of cold
spots indicating that the trawl effort has diminished over time in these areas.

The CPUE maps for the target species (Figure 9) produced similar patterns in hotspots to those of effort in
that the hotspots were predominantly located in the southern portion of the Durban Deep grounds and the
northern section of the Durban Deep grounds, and the Richards Bay Deep grounds only showed areas with
cold spots. The contraction of the areas with high CPUE varied according to species, with the knife prawns
(Figure 9a) experiencing the tightest contraction. There were three locations in the Richards Bay Deep
grounds that showed that they had previously been hotspots. The Richards Bay Deep grounds had
intensifying cold spots for the pink geryons (Figure 9c) while the northern section of the Durban Deep
grounds have never been particularly successful areas for high crab CPUEs. There is a section in the central
Durban Deep area where historical CPUE hotspots are shown. These areas have been statistically significant
hotspots for more than 90% of the time-step intervals but the most recent time step was not hot. The
African langoustines (Figure 9b) have the most localities with persistent hotspots and some areas in the
north of the Durban Deep grounds with consecutive or sporadic hotspots. There was also an area in the
south that had intensifying hotspots.

The three-dimensional animations (Supplementary material) clearly show the variability in space and time
of hot and cold spots of effort and the target species’ CPUE. From 2012 to 2015 the effort hotspots
concentrate into a very small area. During this time two vessels left the fishery and it was the start of an
increase in effort by the vessel that became the most prolific by the end of the time series. Similarly, the
contractions and expansions of the CPUE hot and cold spots can be visualised and the differences between
the species are very noticeable. The Richards Bay Deep area was very productive in the early 2000s for
knife prawns but by 2008 this area showed only cold spots, showing that productivity in this area was no
longer high. At the same time there was a very restricted area in the southern section of the Durban Deep
area that produced hotspots of knife prawn CPUE. This area gradually expanded up until 2009 when it filled
all the southern portion of the grounds. After 2009 the hotspots start to decrease in area becoming
confined to a very small section of the grounds in 2017. During this study period, the Richards Bay Deep
area was not of importance to the fishery and the Durban Deep area started off in 2000 as a small area in
the middle of the grounds. For two years, in 2003 and 2004, there were no hotspots where CPUEs were
higher than other areas but after that the hotspots reappeared in the centre where they expanded
outwards. Hotspots also started to appear in the northern section of the Durban Deep grounds. From 2010
to 2013 these two areas were joined. They became separated again in 2014 and gradually the middle
hotspot area expanded southwards. The hotspots associated with the pink geryon CPUEs are located only
in the southern portion of the Durban Deep area. The northern section and the Richards Bay Deep grounds
have not been very productive for these crabs. The hotspot area stays spread across the southern portion
of the Durban Deep grounds until it starts to shrink quite drastically from 2007. It reaches its smallest size
from 2010 to 2013 after which it dramatically increases again.

Discussion

By nature, fisheries have a strong spatial component due to their activities being directed at specific
resources in specific areas where catches can potentially be maximized (Booth 2000, Verdoit 2003). Fishing
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grounds also do not necessarily cover the full portion of a species’ distribution, or species may be
unavailable to the fishery in parts of the grounds due to gear incompatibilities. Over time the KwaZulu-
Natal dee-water crustacean fishery has changed in the amount of effort and the catches and CPUEs of the
target species and whilst these changes can be seen in the traditional one-dimensional view of fisheries
information, the space-time analyses show a more comprehensive view of where and when fishing
pressure and catch rates changed. The spatial distribution of catch rates of the target species are clearly
different from each other, and areas that were once more productive are clearly highlighted.

Fishing effort has occurred in non-random clusters on the fishing grounds i.e. effort has not been
homogenous over either space or time. Generally, clustering of fishing effort can be attributed to several
factors that may include distance from port, resource availability, skipper knowledge, fuel and other
running costs, and number of vessels in the fleet among others (Steves 2019). For the KwaZulu-Natal
fishery, while all years showed clustering of effort, there has been a reduction in the strength of the
clustering. This is probably a result of fewer vessels fishing, allowing them to disperse more (Table 2).
However, the trend may also be attributed to less experienced skippers entering the fishery. Fisher
experience has been widely recognised as playing a significant role in the performance levels of fisheries
(Vazquez-Rowe and Tyedmers 2013, Fuller and Schaefer 2014, Oliveira et al. 2016). This has not been
documented formally in the KwaZulu-Natal (KZN) crustacean fishery, but there are no other industrial trawl
fisheries in the province, so companies tend to bring in skippers from the Western Cape province where the
main South African trawl fisheries are based. When the fishing rights change hands, new companies enter
the fishery, and often bring in new skippers; or skippers fall out of favour with companies and are replaced.
New skippers are unfamiliar with fishing conditions off KZN and have to develop capacity as they do not
have much prior knowledge of species’ distributions on the grounds, nor with the difficult fishing
conditions.

The results of the Mann-Kendall trend tests and the emerging hotspot analyses show that over time the
effort of the fleet has become focussed on an area relatively close to the Durban port in the Durban Deep
grounds. They also show that when the fishers do venture further from port, the mean fishing time spent in
that locality increased i.e. when the fishers steam further to a more distant fishing area, they tend to spend
more time once there as it is probably more economical to remain there rather than using more fuel to
move to another locality. This dynamic is complicated by the higher catch rates attainable in grounds more
distant from port, but with the risk that the powerful Agulhas Current frequently prevents trawling there
(Figure 3). Thus, areas such as the Richards Bay Deep ground and the northern section of the Durban Deep
ground have become less important to the fishery due to their distance from the home port of Durban, and
due to the risks entailed in steaming a long distance only to find that trawling cannot take place. The role of
external factors in changing in the distributions of fishing activities has been noted in other parts of the
world such as the United Kingdom (Abernethy et al. 2010) and Alaska (Brinkman et al 2014), and in these
cases were attributed to the rising costs of fuel which makes longer distances travelled less profitable.

CPUEs of the three target species occurred in non-random clusters. This is to be expected as marine benthic
species form heterogenous distributions on local and regional scales (Deng et al. 2005, McGarvey 2006).
Furthermore, these distributions may result from habitat preferences, population dynamics, species

behavioural traits and fishing strategies (Maynou 1998). There is limited information on such influences for
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the KZN deep-water crustacean trawl grounds. In areas inshore of these grounds, Green and MacKay (2016)
showed the heterogenous nature of the shelf sediment and MacKay et al. (2016) provided insight into the
distributions of the associated macrobenthos. These studies showed that neither shelf sediments nor the
macrobenthos are homogenous, and it is reasonable to infer that the deep-water targeted benthic
organisms in this study likewise have heterogenous distributions. Albeit in the context of the influence of
depth, Groeneveld and Melville-Smith (1995) and Fennessy and Groeneveld (1997) showed how the
distribution of trawled crustaceans changed from shelf to slope.

Very little is known about the population dynamics of the three target species off KwaZulu-Natal and
changes in the hot and cold spots seen in this study could be related to the natural fluctuations in the
populations as well as fishing pressure. The congeneric Chaceon quinquedens is known to have irregular
and aperiodic recruitment pulses (Steimle et al. 2001) which may also be possible for C. macphersoni. This
recruitment strategy can result in considerable population size variability and it leaves the species
particularly vulnerable to overexploitation. This could explain the contraction of the hotspots on the trawl
grounds from 2000 to 2002 and again from 2007 to 2014. There is a strong negative correlation between
effort and CPUE when considering the data from 2000 to 2017 (r = -0.71, P = 0.001). The negative
correlation of CPUE with effort also holds for the African langoustine (r = -0.58, P = 0.001) and the pink
geryon (r = -0.30, P = 0.001) but to a lesser extent. Determining the ultimate cause of trends in CPUE can,
however, be confounded by factors other than those of a non-biological nature, such as improvements in
vessel power, the introduction of modern technology, increased knowledge of the fishing grounds, and
improved fishing methods particularly when targeting specific species (Bishop 2006; Quirijns et al. 2008;
Erisman et al. 2011).

The distribution of CPUE hotspots for the three target species shows that for all three species, the southern
portion of the Durban Deep grounds has been the most productive for the fishery. While the distributions
for each species change over time, the overall patterns differ for each, potentially indicating the different
preferences of the three species for various areas within the trawl grounds. Robey et al (2013a) found that
the CPUE for knife prawns was highest at depth greater than 400 m from 1990 to 2010. The emerging
hotspot analysis placed the highest CPUE in the 400 to 600m depth zone but in a relatively small area in the
southern portion of the Durban Deep grounds. Robey et al (2013b) found that the highest African
langoustine CPUE was between 400 and 499 m while the CPUE hotspots in the current analysis were
between 200 and 600 m in the central area of the Durban Deep grounds. While there were no persistent
hotspots, three other levels of hotspots occurred, including consecutive, sporadic and oscillating hotspots.
Pink geryons had highest CPUEs between 400 and 499 m according to Groeneveld et al (2013) whereas our
study found the CPUE hotspots from 100 m to 600 m, with persistent hotspots between 200 and 500 m.
There was some overlap of the three species’ hotspots but the African langoustine and the pink geryon
hotspots were spread over a relatively larger area and the knife prawn and pink geryons hotspots occurred
further south than the langoustines. The geryons show an overlap with all the areas where the prawns and
the langoustines occur. This is expected as the geryons have a wider range of suitable habitats (Groeneveld
et al 2013) than both the prawns and the langoustines.

The hot and cold spots show localities in time where fishing effort has been successful for these
three species in relation to other areas on the trawl grounds. It is notable that despite experiencing
sustained effort, the southern portion of the Durban Deep ground remains the most productive.

8



330
331
332
333
334
335
336
337

338

339
340
341
342
343
344
345
346
347
348

349

350

351
352
353

354

355

356
357
358
359
360

361
362

363
364

365
366
367

This is surprising in the light of the concentration of effort in this area. While little is known about
the reproductive strategies of the knife prawn and pink geryon, as few gravid females are
encountered (Robey et al. Groeneveld ), it could be surmised that this productive area is
disproportionately benefitting from local recruitment of langoustines and crabs (Robey et al. 2013b,
Groeneveld et al. 2013) from nearby areas where trawlers do not operate, or, in the case of
prawns, from Mozambique where this species also occurs (Brinca 1983). Areas in which trawlers
do not operate could effectively act as harvest refugia, potentially providing “spill-over” movement
of target organisms from unfished to adjacent fished areas (Halpern et al. 2009, Sala et al. 2013).

The KwaZulu-Natal crustacean trawl fishery has had no formal stock assessments conducted on its
resources and management continues to maintain a status quo Total Allowable Effort of seven vessels
without adequate scientific supporting information for this level of fishing. The results of our study show
that certain areas of the trawl grounds are more heavily fished than other areas, but these areas remain
the most productive locations. This is, however, without the maximum of all seven permitted vessels
currently operating. Management of this fishery needs to consider the relationship between effort and
CPUE, the implications of possible effort saturation in a very small area of the fishing grounds, and the lack
of biological information for the target species and the associated fauna. The recent (August 2019)
declaration of a Marine Protected Area which excludes trawling in the northern part of the Durban Deep
grounds may provide some mitigation for effects of fishing.
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Figure 1: Map showing the study area with the two trawl grounds: Durban Deep in the South and Richards
Bay Deep in the north.

Figure 2: Overall trends in the effort and catch per unit effort of knife prawn (Haliporoides triarthrus),
African langoustine (Metanephrops mozambicus) and pink geryon (Chaceon macphersoni) of the KwaZulu-
Natal crustacean trawl fishery

Figure 3: Spatial distribution of the KwaZulu-Natal deep-water crustacean trawl effort and mean CPUE for
the three target species: knife prawn (Haliporoides triarthrus), African langoustine (Metanephrops
mozambicus) and pink geryon (Chaceon macphersoni).

Figure 4: Results of the autocorrelation analyses showing peak z-score values and corresponding distance
bands for a) the sum of effort in trawl hours, and the CPUEs of b) knife prawn (Haliporoides triarthrus), c)
African langoustine (Metanephrops mozambicus), and d) Pink geryon (Chaceon macphersoni).

Figure 5: Space-time cube in three-dimensional format for the sum of trawl hours in each locality and each
time step.

Figure 6: Results of the Mann-Kendall trend test for effort in a) sum of hours and b) mean of hours.

Figure 7: Results of the Mann-Kendall trend test for effort in a) knife prawn (Haliporoides triarthrus), b)
African langoustine (Metanephrops mozambicus), and c) Pink geryon (Chaceon macphersoni).

Figure 8: Results of the emerging hotspot analyses for effort in a) sum of hours and b) mean of hours

Figure 9: Results of the emerging hotspot analyses for effort in a) knife prawn (Haliporoides triarthrus), b)
African langoustine (Metanephrops mozambicus), and c) Pink geryon (Chaceon macphersoni).
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Table 1: Definitions of the classification of emerging hot and cold spot analysis (ESRI 2019b).

Pattern Name

Definition

No Pattern
Detected

Does not fall into any of the hot or cold spot patterns defined below.

New Hotspot

A location that is a statistically significant hotspot for the final time step and
has never been a statistically significant hotspot before.

Consecutive

A location with a single uninterrupted run of statistically significant hotspot

Hotspot bins in the final time-step intervals. The location has never been a statistically
significant hotspot prior to the final hotspot run and less than ninety percent
of all bins are statistically significant hotspots.

Intensifying A location that has been a statistically significant hotspot for ninety percent

Hotspot of the time-step intervals, including the final time step. In addition, the

intensity of clustering of high counts in each time step is increasing overall
and that increase is statistically significant.

Persistent Hotspot

A location that has been a statistically significant hotspot for ninety percent
of the time-step intervals with no discernible trend indicating an increase or
decrease in the intensity of clustering over time.

Diminishing
Hotspot

A location that has been a statistically significant hotspot for ninety percent
of the time-step intervals, including the final time step. In addition, the
intensity of clustering in each time step is decreasing overall and that
decrease is statistically significant.

Sporadic Hotspot

Alocation that is an on-again then off-again hotspot. Less than ninety percent
of the time-step intervals have been statistically significant hotspots and none
of the time-step intervals have been statistically significant cold spots.

Oscillating Hotspot

A statistically significant hotspot for the final time-step interval that has a
history of also being a statistically significant cold spot during a prior time
step. Less than ninety percent of the time-step intervals have been
statistically significant hotspots.

Historical Hotspot

The most recent time period is not hot, but at least ninety percent of the time-
step intervals have been statistically significant hotspots.

New Cold Spot

A location that is a statistically significant cold spot for the final time step and
has never been a statistically significant cold spot before.

Consecutive Cold
Spot

A location with a single uninterrupted run of statistically significant cold spot
bins in the final time-step intervals. The location has never been a statistically
significant cold spot prior to the final cold spot run and less than ninety
percent of all bins are statistically significant cold spots.




Intensifying Cold
Spot

A location that has been a statistically significant cold spot for ninety percent
of the time-step intervals, including the final time step. In addition, the
intensity of clustering of low counts in each time step is increasing overall and
that increase is statistically significant.

Persistent Cold
Spot

A location that has been a statistically significant cold spot for ninety percent
of the time-step intervals with no discernible trend, indicating an increase or
decrease in the intensity of clustering of counts over time.

Diminishing Cold
Spot

A location that has been a statistically significant cold spot for ninety percent
of the time-step intervals, including the final time step. In addition, the
intensity of clustering of low counts in each time step is decreasing overall
and that decrease is statistically significant.

Sporadic Cold Spot

A location that is an on-again then off-again cold spot. Less than ninety
percent of the time-step intervals have been statistically significant cold spots
and none of the time-step intervals have been statistically significant
hotspots.

Oscillating Cold
Spot

A statistically significant cold spot for the final time-step interval that has a
history of also being a statistically significant hotspot during a prior time step.
Less than ninety percent of the time-step intervals have been statistically
significant cold spots.

Historical Cold
Spot

The most recent time period is not cold, but at least ninety percent of the
time-step intervals have been statistically significant cold spots.




Table 2: Number of trawl vessels operating in the crustacean trawl fishery off KwaZulu-Natal, South
Africa from 2000 to 2017.

Year No. of vessels
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
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Figure 1: Map showing the study area with the two trawl grounds: Durban Deep in the South and
Richards Bay Deep in the north.
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African langoustine (Metanephrops mozambicus) and pink geryon (Chaceon macphersoni) of the
KwaZulu-Natal crustacean trawl fishery
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Figure 3: Spatial distribution of the KwaZulu-Natal deep-water crustacean trawl effort and mean CPUE
for the three target species: knife prawn (Haliporoides triarthrus), African langoustine (Metanephrops
mozambicus) and pink geryon (Chaceon macphersoni).
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Figure 4: Results of the autocorrelation analyses showing peak z-score values and corresponding
distance bands for a) the sum of effort in trawl hours, and the CPUEs of b) knife prawn (Haliporoides
triarthrus), c) African langoustine (Metanephrops mozambicus), and d) Pink geryon (Chaceon
macphersoni).
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ABSTRACT

Expanding coastal fisheries into deeper waters is frequently tabled as an option to increase harvests from
the sea in the Southwest Indian Ocean. In this region, only Mozambique and South Africa have estab-
lished deep-water trawl fisheries for mixed crustaceans. To investigate the fishery potential of deep shelf
waters over a broader geographical extent, four bottom trawl surveys were undertaken, in Madagascar,
Mozambique, Tanzania and Kenya, respectively, in 2011—-2012. Teleosts dominated catches in all surveys
(59—74% of total catches) and depths. Crustaceans made up 15% of the catch in Mozambique and
Madagascar, but only 6% in Kenya and Tanzania, where elasmobranchs (18%) and other invertebrates (11
—15%) were more abundant. A generalized linear model was constructed to quantify the effects of
country, depth and day/night on the abundance of four common crustacean species. Abundance of
Haliporoides triarthrus and Metanephrops mozambicus declined from south (Madagascar, Mozambique) to
north (Kenya, Tanzania), but Heterocarpus woodmasoni was more abundant in Madagascar, Tanzania and
Kenya. Chaceon macphersoni and H. triarthrus abundance increased up to 600 m depth, whereas
M. mozambicus and H. woodmasoni peaked shallower, at 350—500 m. Crustacean catch composition in
Mozambique was strikingly similar to commercial landings in eastern South Africa, supporting a distinct
sub-region for fisheries management, but differed markedly across the Mozambique Channel. Deep-
water crustaceans were less abundant in Kenya and Tanzania, with limited commercial appeal. New
deep-water trawl fisheries will have to contend with significant teleost bycatch.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

security (van der Elst et al., 2005, 2009). Governments of these
countries recognize that nearshore fisheries resources are under

The Southwest (SW) Indian Ocean region comprises developing
nations that are among the poorest in the world, based on per
capita gross domestic product (GDP) (World Bank, 2014). Most of
these countries fall below the top 100 level on the UN development
index (UNDP, 2013), and all face severe socio-economic challenges,
with a growing need for employment opportunities and food

* Corresponding author.
E-mail address: bernadine@ori.org.za (B.I. Everett).

http://dx.doi.org/10.1016/j.ocecoaman.2015.04.003
0964-5691/© 2015 Elsevier Ltd. All rights reserved.

immense pressure from ever-increasing exploitation by coastal
communities (van der Elst et al., 2009). Consequently, expansion of
coastal fisheries into deeper waters is frequently mentioned as an
option to increase harvests from the sea.

The assumption of abundant resources in deeper water is not
necessarily valid, and historical surveys undertaken on the narrow
shelf of Kenya and Tanzania have shown low densities of benthic
organisms, with limited fishery potential (Sanders et al., 1988;
Setersdal et al., 1999; Groeneveld and Everett, 2015). The
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continental slope of western Madagascar is steep and irregular, and
trawlable areas in deep water are sparse (Crosnier and Jouannic,
1973). Further south, in Mozambique and eastern South Africa,
trawl grounds are more productive, and a mixture of crustaceans
and fish are caught by established deep-water trawl fisheries
(Fennessy and Groeneveld, 1997). These fisheries report landings of
approximately 2200 tonnes of crustaceans per year, of which 85%
originate from Mozambique (WIOFish, 2013).

Target species in Mozambique and eastern South Africa are
deep-water prawns (Haliporoides triarthrus, Aristeus virilis, Aristeus
antennatus and Aristaeomorpha foliacea), langoustines (Metaneph-
rops mozambicus), spiny lobsters (Palinurus delagoae) and deep-sea
crabs (Chaceon macphersoni) (Groeneveld and Everett, 2015). The
species mix in catches varies by depth, season, latitude and bottom
type trawled (Groeneveld and Melville-Smith, 1995; Dias et al,,
2009; Sobrino et al., 2009). Significant quantities of teleosts, elas-
mobranchs, cephalopods and molluscs are also caught in trawl nets,
and are retained if they can be sold, or discarded overboard if their
commercial value is considered to be low (Fennessy and
Groeneveld, 1997; Fennessy et al., 2004). Far less is known about
crustaceans on deeper grounds in Madagascar, Tanzania and Kenya,
with most information coming from historical surveys undertaken
after the early 1970s. Crosnier and Jouannic (1973) found
H. triarthrus, A. foliacea, two Aristeid species, and M. mozambicus in
Madagascar trawl surveys. Survey reports from Kenya and Tanzania
list deep-water prawns Heterocarpus sp., langoustine Metanephrops
andamanicus and lobsters Linuparus somniosus and Puerulus angu-
latus (Birkett, 1978; Sanders et al., 1988). Some of the species names
may have changed in the interim.

A recent review of historical trawl information suggested that
aggregations of deep-water crustaceans, some with a high unit
value, could potentially be exploited at several locations in the SW
Indian Ocean (Groeneveld and Everett, 2015). Based on this, the
South West Indian Ocean Fisheries Project (SWIOFP; van der Elst
et al.,, 2009) funded a series of bottom trawl surveys to assess the
fishery potential of deep-water grounds in Kenya, Tanzania,
Mozambique, western Madagascar and eastern South Africa. We
determined the relative importance of major taxa (crustaceans,
teleosts, elasmobranchs, cephalopods, other invertebrates) repre-
sented in trawl catches, and investigated the abundance of crus-
tacean species by country, day/night and depth stratum.

2. Materials and methods
2.1. Study area

The SW Indian Ocean extends along the African coast, from
northern Kenya (2°S) to eastern South Africa (31°S), and around the
island states of Madagascar, Mauritius, Comoros and Seychelles
(Fig. 1). It is a low-latitude mainly tropical region influenced by
large-scale oceanographic systems (Lutjeharms, 2006; Ternon et al.,
2014a). Monsoon winds affect coastal flow in the north. The East
Africa Coastal Current (EACC) off Kenya strengthens during the wet
southeast monsoon (April to October), and weakens during the
northeast monsoon (November to March), giving rise to a season-
ally reversing Somali Current (Schott and McCreary, 2001). Up-
welling and deep-water mixing makes the Somali Current region
nutrient-rich and productive, compared to oligotrophic waters
further south. Mozambique Channel circulation is influenced by
seabed topography, including cyclonic and anti-cyclonic cells
(Lutjeharms, 2006; Ternon et al., 2014b). The Agulhas Current
originates near the southern end of the Mozambique Channel, and
flows southwest along the shelf edge of eastern South Africa.

The shelf topography is narrow and steep along much of eastern
Africa, widening in bights or near river deltas, such as the Natal

Bight (South Africa)) Maputo Bay and the Delagoa Bight
(Mozambique), the Rufiji Delta (Tanzania) and Malindi-Ungwana
Bay (Kenya). The shelf edge is mostly rocky and unsuitable for
trawling. Deep trawl grounds in eastern South Africa comprise
sand, mud, hardened sediment accretions, foraminifera and spic-
ules (Berry, 1969). Sea surface temperatures are warmer near the
equator (25—29 °C; World Sea Temperatures, 2014) than further
south (22—27 °C; Smit et al., 2013), however bottom temperatures
at >200 m in eastern South Africa have been reported as 9—12 °C
(Berry, 1969) and 8—10 °C at 500—700 m depth in western
Madagascar (Pripp et al., 2014).

2.2. Survey gear and strategy

Four trawl surveys were conducted in Kenya, Tanzania,
Mozambique and western Madagascar, respectively, between
October 2011 and March 2012 (Fig. 1). Two commercial fishing
trawlers with their crew complement and fishing gear were leased.
The FV Caroline (40 m length; 313 t GRT; 745 hp) towed a single
otter trawl net deployed from the stern (net length 75 m; footrope
length 60 m; mesh in codend 50 mm stretched), and was used in
Mozambique and Madagascar. The FV Roberto (23 m length; 117 t
GRT; 295 hp) also towed an otter trawl net from the stern (net
length 26 m; footrope length 26 m; mesh in codend 38 mm
stretched), and was used in Tanzania and Kenya. Both vessels were
equipped with echo sounders, global positioning systems and track
plotters, radar, and VHF/SSB radios. A team of scientists (minimum
4) accompanied each survey.

Detailed knowledge of existing fishing grounds
(Mozambique), information from historical research surveys
(Setersdal et al., 1999), or anecdotal information obtained from
fishing companies (Madagascar, Tanzania, Kenya) were used to
define survey grounds, based on substrate type (trawlable
muddy/sandy grounds) and depth range (100—700 m). Prospec-
tive grounds were stratified by depth and latitude (Table 1), and
the surface area of individual blocks calculated, based on dis-
tance estimates obtained from British Admiralty Nautical Charts
(760, 3855, 2930, 2931, 2939 and 2949) with scales of 1: 300 000
to 1: 1000 000. The calculated surface area of sampling blocks
totalled 21 319 km? in Mozambique, 473 km? in Tanzania and
6034 km? in Kenya. Sampling effort (number of trawls) was
allocated to blocks based on surface area except in Madagascar
where the area was unknown and trawls were allocated equally.
Given the imprecise geographical information available, it was
foreseen that some blocks would be untrawlable. Remaining
trawls at the end of each survey were redistributed at the
discretion of the survey leader.

Trawls were undertaken roughly parallel to the coast, within the
boundaries of each block. Start and end-time of trawls were
recorded when the net reached the seafloor (winches stopped), and
when hauling commenced. Nominal trawl speed (3 knots) and
duration (60 min) could be adjusted based on sampling re-
quirements (i.e., seafloor conditions; expected catch). Most trawls
were conducted during daylight. Night trawls (set and hauled be-
tween sunset and sunrise) were undertaken so that day/night ef-
fects on CPUE could be assessed (Table 1).

No survey was conducted in eastern South Africa (28-31°S),
but summarized information on the catch composition of crus-
taceans was obtained from commercial trawl logbooks (DAFF,
2014), as described in detail by Robey et al. (2013a; 2013b).
Similar trawl vessels and nets were used to collect the survey and
fisheries information, but in the commercial fishery, the pro-
portions of target species may have been affected by targeting
practices.
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Fig. 1. Map of the areas trawled during the South West Indian Ocean Fisheries Project deep-water crustacean surveys. Symbols indicate actual positions where nets were set, trawl

area names in italics.

2.3. Data collection

The entire catch brought up in each trawl was emptied into a
holding pen, without releasing or discarding any organisms. The
catch was weighed, or when too large, it was subdivided into
randomly mixed equal subsamples in bins, of which one was
selected and weighed. Large animals (mostly sharks and rays) were

removed before subdividing the catch, and weighed separately. The
total catch was estimated by multiplying the subsampled bin
weight by the number of bins, and adding the weights of the large
animals.

The total catch (or a randomly mixed representative sample)
was sorted by species using standard species identification guides
for the region (Barnard, 1950; Holthuis, 1980; Bauchot and Bianchi,
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Table 1
Number of trawls set per country, latitude and depth.
Latitude Country Depth Total
100—299 200—299 300—-399 400—-499 500—599 600—699

-3 Kenya 2 5
—4 8 36
-5 19
-6 Tanzania 3
-7 16
-8 8
-19 Madagascar 15
-20 6
—-22 2 8
—22 Mozambique 17
-23 Madagascar 1 39
-24 21
-25 Mozambique 7
-26 61
-27 5
Total 13 50 81 66 43 13

Shaded blocks indicate where some trawls were set at night. All other trawls were set during daylight hours. Depth categories show the shallowest points of their respective

intervals, e.g. 100 = 100—299 m.

1984; Bianchi, 1985; Smith and Heemstra, 1986; van der Elst, 1993;
Randall, 1995; Richmond, 1997) as well as unpublished identity
photographs (Oceanographic Research Institute, Durban). Individ-
ual specimens were counted, and callipers used to measure the
carapace length (CL, mm) or width (CW, mm) of crustaceans.
Gender was determined visually using standard indicators for
crustaceans (King, 1995).

2.4. Data analysis

Catches were categorized into five taxa, comprising crustaceans
(larger species with present or potential commercial value,
including H. triarthrus, A. foliacea, Aristeus sp. Heterocarpus sp.,
Penaeopsis sp., Penaeus marginatus, M. mozambicus, P. delagoae, L.
somniosus and C. macphersoni), teleosts, elasmobranchs, cephalo-
pods and other invertebrates (small crustaceans or species without
commercial value, molluscs except for squid, cuttlefish and octopus
that can potentially be sold, echinoderms and coral fragments).

Catches made by the two vessels could not be directly compared
because of differences in vessel power, footrope length, net size,
and mesh size in the codend. Catches were therefore converted to
weight per unit swept area, which was determined for each haul as
follows:

Swept area (m2> =footrope length(m)*vessel speed (m - 5*1)

*trawl duration(s)

Vessel speed used was the mean per vessel for all trawls. An
average swept area per trawl was determined for each vessel, and
the ratio of these was then used as a multiplication factor to raise
catches made by the FV Roberto to the equivalent of those made by
the FV Caroline.

Density of each species was then used as nominal CPUE (kg/
km?), which was passed through a modelling framework (regres-
sion type models, variants of the Generalized Linear Models) to
account for the effects of depth, area and day/night, while assessing
the CPUE. Trawl stations were patchily distributed across the
geographic domain of the study, partly due to untrawlable sub-
strata, which precluded the use of finer spatial resolutions/lat-
itudinal bins (Fig. 1; Table 1). Thus we used country, instead of
latitude, and depth categories as factors in the models to assess
broader spatial patterns in abundance, by species (Table 2). Time of

day (converted to a day/night factor) was not significant, except in a
binomial model for C. macphersoni, but considering the biology of
deep-sea crabs (Groeneveld et al., 2013) it was likely the result of
the patchiness of the data, and was excluded from the final model.
The CPUE of crustacean species (H. triarthrus, Heterocarpus
woodmasoni, M. mozambicus and C. macphersoni) that were present
in catches in the majority of countries, and abundant in at least
some locations, was standardised using a GLM. The delta method
was applied as datasets comprised many zeroes (species absent in a
trawl), and distributions were skewed to the right (Lo et al., 1992;
Maunder and Punt, 2004). The delta method comprises a two-
step model. In the first step, the probability of a non-zero catch is
modelled, assuming a binomial error distribution (usually with a
logit link), and in the second step, only the positive catch is
modelled, assuming one of the different exponential family of
distributions (e.g. gaussian, poisson, normal, log-normal, negative
binomial, etc.). We used a gamma error distribution with a log link,
because residuals were then randomly distributed, and it fitted the
data best, based on the AIC (Fig. 2). In addition, the distribution of
the residuals was also checked for biases that might have resulted
from using two vessels, and the spreads were roughly comparable
for the four species (Fig. 3). For the continuous part of the delta
method the following GLM model was used for four species:

log(C,-jk> =u+ Rij + Dy, + Eijk

where the log(Gij) is the log of CPUE in trawl i, Region j, and Depth
category k. The intercept term is 1, R;j is the region factor for trawl i
and region j, Dj; is the depth factor for trawl i and depth category k,
and e, is the error term. The same model formulation was used for
the binomial part with the exception that the logit link function was
used and the response was presence/absence (1 or 0). Standardized
indices for the continuous part were then obtained as canonical
indices (Francis, 1999):

where R is the mean of the region effect in log-space, R; is the co-
efficient for Region i and A; the standardized index for region i. The
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Table 2
Summary of the best model used to standardise the catches of Heterocarpus woodmasoni, Metanephrops mozambicus, Haliporoides triarthrus and Chaceon macphersoni.
Models R.DF M.deviance R.deviance P.deviance Species Model
1 M1: WCatchStdVessel > 0 ~ CountryO + DepthInt 258 30.06 276.55 9.80 H. woodmasoni Binomial
2 M1: WCatchStdVessel > 0 ~ CountryO + DepthInt 258 85.66 282.36 23.28 M. mozambicus Binomial
3 M1: WCatchStdVessel > 0 ~ CountryO2 + Depthint 199 61.51 223.11 21.61 H. triarthrus Binomial
4 M1: WCatchStdVessel > 0 ~ CountryO + DepthInt 258 54.81 263.47 17.22 C. macphersoni Binomial
5 M1: WCatchStdVessel ~ CountryO + Depthint 62 94.94 152.09 38.43 H. woodmasoni Gamma
6 M1: WCatchStdVessel ~ CountryO + Depthlnt 132 46.18 173.48 21.02 M. mozambicus Gamma
7 M1: WCatchStdVessel ~ CountryO2 + Depthint 89 77.08 172.57 30.88 H. triarthrus Gamma
8 M1: WCatchStdVessel ~ CountryO + DepthInt 68 8.55 49.80 14.65 C. macphersoni Gamma
Chaceon macphersoni Haliporoides triarthrus
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Fig. 2. Model diagnostic: residuals vs. fitted values of the GLM model applied for the non-zero catches.

canonical indices for the binomial models were also computed in
the same way. The combined index of abundance was then ob-
tained as follows (Vignaux, 1994):

R¢
C = i

where C; is the combined index of abundance (from the delta
method) for region i, R is the index from the continuous model for
region i, Py is the proportion of zero trawls for the reference region
(it is added to reduce the impact of varying proportion of zero
trawls across the factor level considered, in this case region), Rf? is
the index from the binomial model for region i. A similar procedure
was applied to get a standardized index by depth classes. All

analyses, model fitting, model validation, and standardization of
CPUE were done in R version 3.1.1 (R Development Core Team,
2011).

3. Results
3.1. Fishing effort and catch composition

A total of 231 day and 35 night trawls were undertaken over a
period of 55 sampling days (Table 1). Trawl duration varied from
ten minutes to two hours (0.82 + 0.26 [SD] h). The shortest trawls
were due to rough trawl grounds and the longer ones to increase
sample size. Trawl depths ranged from 170 to 655 m, and were
mostly between 300 and 399 m (81 trawls) and 400 and 499 m (66
trawls). Individual trawl catches ranged from zero to a maximum of
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(Mozambique and Madagascar) regions.

1530 kg. Catches of all taxa combined were 29.2 t in Mozambique,
19.0 t in Madagascar, 5.5 t in Kenya and 1.3 t in Tanzania.

Teleosts dominated catches in all surveys (59—74% of total
catches), irrespective of the depth trawled (Fig. 4a, b). Elasmo-
branchs were more commonly caught in Kenya (18%). Crustaceans
made up around 15% of the catch in Mozambique and Madagascar,
but only 6% in Kenya and Tanzania. Other invertebrates were rela-
tively more abundant in Kenya and Tanzania (11—15%). Crustaceans
made up <10% of catches between 200 and 399 m depth, but
increased thereafter to a maximum of 29% at 600—699 m depth
(Fig. 4b).

The penaeid prawn P. marginatus contributed most to crusta-
cean catches in Kenya (36% by weight), and the spear lobster L.
somniosus contributed most in Tanzania (61%) (Fig. 5). Kenyan
catches included substantial quantities of C. macphersoni (19%) and
the prawns H. woodmasoni (10%) and Penaeopsis balssi (18%),
whereas H. woodmasoni (19%) and M. mozambicus (11%) were
important in Tanzania. Two prawn species predominated in
Madagascar: A. foliacea (31%) and Aristeus spp. (28%), with lesser
amounts of H. triarthrus (12%), M. mozambicus (14%) and
C. macphersoni (5%). The Mozambique survey caught mainly
H. triarthrus (63%), followed by M. mozambicus (18%), P. delagoae
(10%) and C. macphersoni (6%). The composition of crustacean
catches in the Mozambique survey was strikingly similar to land-
ings from the commercial trawl fishery in South Africa, where
H. triarthrus contributes 60% by weight, M. mozambicus 23%,
P. delagoae 10% and C. macphersoni 8% (DAFF Unpublished data).

3.2. Nominal biomass estimates

Nominal biomass estimates based on all trawls sampled were
dominated by teleosts (771 kg/km?), followed by crustaceans

(142 kg/km?), elasmobranchs (84 kg/km?), other invertebrates
(77 kg/km?) and cephalopods (47 kg/km?) (Table 3).

The biomass of H. triarthrus was estimated as 56 kg/km? over all
trawls sampled, but highest concentrations occurred in
Mozambique, where the estimate increased to 95 kg/km? (Table 3).
M. mozambicus biomass estimates were similar for Mozambique
(27 kg/km?) and Madagascar (28 kg/km?), compared to the lower
regional estimate of 22 kg/km? Biomass of A. foliacea was
concentrated in Madagascar (62 kg/km?), compared with 19 kg/
km?, regionally. The regional biomass estimate of H. woodmasoni
was 4 kg/km? with the highest concentrations in Kenya (8 kg/km?).
C. macphersoni biomass was also highest in Kenya (15 kg/km?),
followed by Madagascar and Mozambique (both 9 kg/km?), but
they were scarce in Tanzania (1 kg/km?).

3.3. CPUE models

The proportion of deviance explained by the best-fitting models
(binomial and gamma) ranged from 9.8% to 38.4% for the four
species (Table 3). The standardised CPUE indices mostly showed
similar trends, by country, than the nominal values (Fig. 6). The
standardised CPUE of H. woodmasoni was highest in Madagascar,
lowest in Mozambique, and moderate in both Kenya and Tanzania.
The opposite trend was observed for M. mozambicus, with the
highest CPUE in Mozambique, followed by Madagascar, Tanzania
and Kenya, suggesting declining abundance from south to north.
Similarly H. triarthrus had the highest CPUE in Mozambique and
Madagascar, declining towards the north. The standardized CPUE of
C. macphersoni was highest towards the south and the north, and
lowest in Tanzania.

The standardised and nominal CPUE indices by depth also showed
similar trends (Fig. 7). For H. woodmasoni and M. mozambicus,
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cephalopods and other invertebrates by A) country and B) depth interval.

standardised CPUE peaked in the medium depths, declining towards
shallow and deeper waters. The CPUE of H. triarthrus and
C. macphersoni increased with increasing depth over the depth range
sampled.

Proportion of total catch

AN

Region Kenya

3.4. Biological information

The deep-water prawn species with the largest mean size
(CL + SD) were A. foliacea (48.5 + 7.4 mm), A. antennatus
(39.8 + 91 mm) and H. triarthrus (35.6 + 7.9 mm) (Fig. 8). H.
woodmasoni (25.3 + 3.5 mm) and P. balssi (22.7 + 5.4 mm) were
much smaller, presumably reducing their market value compared
to the larger species. The mean CL of all five species remained
relatively constant across the depth range sampled. Of all
H. woodmasoni captured, only 3% were males. The skewed sex ratio
suggests that at least a part of the population was not accessible to
the trawl nets. Sex reversal as a possible cause for the skewed ratio
was not considered (King and Moffitt, 1984). The percentages of
male P, balssi (27%) and A. antennatus (33%) were also considerably
lower than parity, suggesting that females were more accessible to
trawl nets than males.

The mean CL of M. mozambicus was 47.1 + 10.6 mm. Larger in-
dividuals were caught between 100 and 199 m depth
(52,5 + 3.8 mm), whereafter the mean CL decreased to
437 + 7.6 mm between 500 and 599 m depth. The sex ratio
remained relatively stable, near parity (Fig. 8). Some 116
C. macphersoni were measured, and they covered a broad CW range
from 78 to 181.3 mm. The broad range is explained by the inclusion
of both males (154 + 12.5 mm) and much smaller females
(118.6 + 12.1 mm) in the same histogram. Males were dominant at
all depths, but the dominance increased at depths >400 m, where
the mean CW increased.

4. Discussion

A standard survey methodology was adhered to during the four
trawl surveys, and the data were therefore comparable across the
region. In theory, a regional dataset offers broader insights into the
nature of shared or transboundary fish stocks, compared to smaller
localized projects. A regional framework also allows for a more
collective approach to fisheries and management challenges shared
by SW Indian Ocean countries, for instance, user conflicts caused by
competition among fishing sectors, discarding of trawl bycatch, or
habitat degradation through use of damaging fishing practices. A
collective approach is particularly useful in a developing region,
such as the SW Indian Ocean, where pooling of resources can offset

bi South Africa
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Fig. 5. Proportion of the selected crustaceans that were caught by country and for the region.
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Table 3

Nominal biomass (kg/km?) of selected crustaceans by country and for the region. Areas trawled were 7.78 km? (Kenya), 3.47 km? (Tanzania), 27.75 km? (Mozambique),

15.31 km? (Madagascar) and 54.31 km? (Region).

Species or group Kenya Tanzania Mozambique Madagascar Region
Teleosts 775.9 489.11 774.46 825.98 770.97
Elasmobranchs 243.65 50.98 37.02 96.78 84.35
Other invertebrates 152.6 93.77 32.95 113.36 76.64
Haliporoides triarthrus 0.00 2.57 94.78 23.97 55.35
Cephalopods 83.91 25.91 56.77 16.78 47.41
Metanephrops mozambicus 3.06 4.21 26.75 28.09 22.30
Aristaeomorpha foliacea 0.02 0.00 2.67 61.60 18.73
Aristeus spp. 0.00 0.00 0.15 55.32 15.67
Chaceon spp. 14.62 1.02 8.64 9.33 9.20
Palinurus delagoae 0.00 0.05 15.65 0.00 8.00
Penaeus marginatus 27.82 0.00 0.00 0.00 3.98
Heterocarpus woodmasoni 7.52 5.74 0.22 7.05 3.54
Penaeopsis balssi 13.94 0.59 1.07 0.90 2.84
Linuparus somniosus 1.48 23.76 0.00 0.00 1.73
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scarce manpower, infrastructure and economic resources (van der
Elst et al., 2009). Some limitations of our approach were that only
small portions of the shelf and upper slope could be sampled with
the available resources, and that some variability in selectivity (i.e.
use of different vessels and trawl nets) and sampling methods (use
of different samplers in each country) may have been introduced.

The survey strategy was limited to a single set of surveys
covering a large area, and therefore seasonal variability in abun-
dance and catch composition could not be assessed. Environmental
conditions in deep-water habitats are generally more stable than in
shallow water (Gibson et al., 2003), and, at similar depths to those

covered in these surveys, little seasonal variation was observed in
the abundance of South African commercial catches of
M. mozambicus (Robey et al., 2013a), H. triarthrus (Robey et al.,
2013b) and C. macphersoni (Groeneveld et al., 2013). Seasonal
variation might, however, be more important in the northern part
of the sampling area, where ocean conditions change dramatically
during the Southeast and Northeast monsoons, at least in surface
waters.

The large geographical area covered, and vessel security con-
cerns in waters south of Somalia in 2010—2013, resulted in two
vessels being used for the four surveys, instead of a single vessel.
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The two vessels differed in size and engine power, and towed nets
of different sizes and mesh. No inter-calibration trawls could be
done, and post-hoc catch conversions were therefore required to
render data compatible. The conversions took trawl speed, duration
and footrope length into account to produce a swept area per trawl,
but differences in mesh size could not wholly be accounted for. It
was nevertheless assumed that the majority of organisms in the
path of the net were caught, and that catches adequately repre-
sented the species and abundance available on the trawled
substrata.

Although the initial survey strategy was to undertake repre-
sentative trawls in all depth by latitude cells (Table 1), this could not
be achieved because much of the seafloor in the targeted depth
range was rocky or too steep to trawl. The resulting distribution of
samples was therefore unbalanced, with many empty cells, and
surplus trawls in other cells where trawl conditions were more
favourable. By country, there were far fewer trawls undertaken in
Tanzania. Trawls in the deepest stratum (600—699 m) were only
undertaken by the larger of the two vessels, and only in
Madagascar. To compensate for the unbalanced distribution of
trawl samples, we grouped them by country (instead of latitude),
and adjusted the boundaries of depth strata during analysis. The
countries along the African shelf follow a latitudinal gradient from
north (Kenya) to south (eastern South Africa), and therefore
country could be used as a proxy for latitude.

Some difficulties in combining datasets across surveys stemmed
from species identification. No up-to-date regional species identi-
fication guide exists for deep-water taxa in the SW Indian Ocean,
although there are some dated FAO guides for species of

commercial interest. Species identification was therefore not al-
ways standard across surveys, and misidentification may have
occurred in some species. C. macphersoni is well-known from the
trawl grounds in South Africa and Mozambique, and its distribution
is listed as ‘southwestern Indian Ocean and South Africa’ by
Manning and Holthuis (1988, 1989). In Madagascar, it can be
captured together with Chaceon crosnieri (Manning and Holthuis,
1989) and although these two species can be distinguished
macroscopically, this was not attempted during the Madagascar
survey. Similarly, deep-sea crabs caught on the Kenya survey might
have been Chaceon somaliensis Manning, 1993 (see Davie, 2014),
based on photographs, but unfortunately no specimens were
retained for positive identification. Although speculative, the scar-
city of deep-sea crabs in Tanzania (1 kg/km?) may reflect the
transition between C. macphersoni (to the south) and C. somaliensis
(to the north) distribution ranges. This needs to be confirmed
through collection and identification of more specimens.

The most abundant prawn species caught on the Kenya survey,
but nowhere else, was identified as P. marginatus Randall, 1840
using photographs post-survey. That it was only reported from
Kenya suggests that it has a more northerly distribution in the SW
Indian Ocean than some of the other more widely-distributed
species. It has previously been reported in Kenyan surveys
(Kimani et al, 2012) as well as from Reunion, Mauritius,
Madagascar and Tanzania, thus confirming a more tropical distri-
bution pattern (Fransen and De Grave, 2014).

Teleosts made up the bulk of the catches in all surveys, sug-
gesting that any deep-water trawl fishery targeting crustaceans
would have a large fish bycatch to contend with. Most of this will
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Fig. 8. Size distribution frequencies (left column) and mean size and proportion of males per depth category of the selected crustaceans.

likely be discarded overboard, because it cannot be sold, or has a
low economic value (Fennessy et al., 2008). Crustaceans made up a
much larger proportion of catches in Madagascar and Mozambique,
compared with Tanzania and Kenya, thus confirming the fisheries
importance of this group in the subtropical part of the region. The
relative paucity of crustaceans in Kenya and Tanzania may alter-
natively be an artefact of using a different vessel and a smaller net

with smaller mesh size (36 mm vs. 50 mm mesh) — this may have
affected the selectivity for crustaceans, such as via the vessels'
relative abilities to trawl at greater depths (Table 1). Notwith-
standing the differences in sampling gear, the varying proportions
of faunal groups in trawl catches (Fig. 2) suggest that there may be
important differences in benthic habitats over the wide latitudinal
gradient considered here. Water temperature and other
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environmental parameters are generally more stable at the depths
trawled in our study than in shallower water, and therefore other
habitat features, such as sediment type, might determine demersal
catch composition (Demestre et al., 2000).

A south to north gradient in crustacean catch composition was
apparent along the African coast, based on standardized CPUE
indices and nominal biomass. H. triarthrus and M. mozambicus were
most abundant in the south (Mozambique), but scarce in the north
(Kenya and Tanzania). Conversely, H. woodmasoni, P. balssi,
P. marginatus and L. somniosus were more abundant in the north.
This gradient is supported by information from historical surveys
undertaken in the 1970s and 1980s in Tanzania and Kenya by the RV
Professor Mesyatsef, FV Unjuzi and the Nansen programme
(Birkett, 1978; Iverson et al., 1984; Mutagyera, 1984; Seetersdal
et al, 1999). These surveys reported Heterocarpus spp,
L. somniosus, P. angulatus and smaller quantities of M. andamanicus
(the previous name of M. mozambicus in the SW Indian Ocean;
Holthuis, 1991).

The species composition and proportions of crustaceans caught
in trawls in Mozambique (survey data) and South Africa (data from
commercial fishery) were nearly identical, suggesting similar
habitats and species aggregations across the geopolitical boundary.
The two fisheries use similar trawl gear and fishing strategies, and
some vessels fish in both countries. Earlier assumptions that stocks
were therefore shared, have however not been validated, since
genetic analyses have shown distinct populations of M. mozambicus
and H. triarthrus over relatively short distances along the coast
(Zacarias, 2013). Shallow genetic structure was also observed in
populations of spiny lobster P. delagoae (Gopal et al., 2006), in
which the split between populations coincided with the interface of
the Mozambique channel eddies and upper Agulhas Current (i.e.
near the South Africa/Mozambique border). Berry and Plante (1972)
similarly recognized two varieties of P. delagoae; var. natalensis
from eastern South Africa and var. delagoae from Mozambique.

Although at similar latitudes and depth, and separated by only a
few hundred kilometres across the Mozambique channel, the catch
composition of crustaceans in trawls differed substantially between
Mozambique (dominated by H. triarthrus) and Madagascar
(A. foliacea and Aristeus sp). H. woodmasoni was also more abundant
in Madagascar than in Mozambique, where it was scarce. The
habitats in the surveyed sites may be different, because trawling in
Madagascar was restricted to a few enclaves with steep grounds,
compared with much larger and flatter trawl grounds in
Mozambique (Groeneveld and Everett, 2015). Crustacean assem-
blages in Madagascar and Mozambique may furthermore be iso-
lated from each other, because intervening deep water precludes
benthic migrations across the channel. Recent genetic studies
suggest that the Mozambique Channel forms a formidable barrier
to larval dispersal of some crustaceans, including M. mozambicus
and H. triarthrus (Zacarias, 2013). M. mozambicus has a short
drifting larval phase of only a few hours or days, so that recruits
settle close to parent populations, rather than dispersing widely
(Robey and Groeneveld, 2014). Crossing the channel appears to be
unlikely even in some crustaceans with long-lived drifting larvae,
such as spiny lobster Panulirus homarus (Reddy et al, 2014).
Different habitats on the sampled trawl grounds and the relative
isolation of Madagascar can therefore explain the differences in
catch composition.

Standardized CPUE showed that H. triarthrus increased in
abundance in waters >400 m. Based on commercial data from the
South African trawl grounds, Robey et al. (2013b) showed high
CPUE at depths >300 m, extending to at least 600 m, thus con-
firming that H. triarthrus extends deeper than the depth range
presently fished. This conclusion is based on limited data, because
few trawls were undertaken >600 m depth in this survey. The core

distribution of C. macphersoni appears to be deeper than the range
trawled during the present surveys (i.e. >655 m), and this was also
apparent from commercial data from South Africa (Groeneveld and
Melville-Smith, 1995; Groeneveld et al., 2013). Paula e Silva (1985)
and Dias et al. (2008, 2009) found high CPUE at 500—800 m depth
in Mozambique from trawl survey data. M. mozambicus was most
abundant at 350—500 m depth, and this result agrees with Robey
et al. (2013a). The fact that the depth distribution of all of these
species overlap between about 400 and 500 m allows trawlers to
target this depth range to catch an economically valuable species
mix (Groeneveld and Melville-Smith, 1995).

To conclude, the regional survey strategy was logistically com-
plex to undertake, but conferred several important advantages,
such as pooling of scarce resources, and establishing strong net-
works for future shared projects. Trends in catch composition and
standardized CPUE, that may have been difficult to detect from
separate surveys, could be readily discerned. Data from using two
dissimilar trawl vessels, and inconsistent species identification,
could be partially redressed after the surveys. Although these fac-
tors may have affected the results of this study, the broader trends
in catch composition and abundance at a regional scale remain
clear. These trends confirm that deep-water crustaceans were less
abundant in Kenya and Tanzania, with limited commercial appeal,
and that new deep-water trawl fisheries will have to contend with
significant teleost bycatch. Therefore, the expansion of crustacean
trawl fisheries into deeper water does not appear to be a viable
option in the SW Indian Ocean region at the present.
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